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WORKSHOP ON EXPLORATION FOR HOT-DRY-ROCK GEOTHERMAL SYSTEMS 
Compi 1 ed by 
G. H. Heiken, M. E. Ander, and T. 3. Shankland 
ABSTRACT 
Most o f  the wor ld 's geothermal resources are not present i n  the 
form of ac t i ve  hydrothermal systems but as hot dry rock (HDR). HDR 
makes up by f a r  the largest  f r a c t i o n  of geothermal regions, but 
natural  f l u i d s  are absent and water must be introduced a r t i f i c i a l l y  
for  production o f  steam o r  hot water. Recognizing the huge thermal 
resource avai lable,  several countr ies now have HDR experiments. HDR 
resources lack the sharp physical and chemical contrasts produced by 
geysers and hot springs and thus present unusual explorat ion problems. 
Explorat ion f o r  HDR was the subject o f  a workshop held i n  Los Alamos, 
New Mexico, 21-23 June, 1982. 
It was- p p a r e n t a s p e c t s  o f  HDR explorat ion comprise 
basic c rus ta l  studies, inc lud ing cont inental  s c i e n t i f i c  d r i l l i n g .  
Thus, v i r t u a l  l y  a1 1 speakers emphasi zed a mu1 t i d i  s c i p l  i na ry  approach 
t o  explorat ion. The most useful data are obtained from carefu l  
measurement o f  heat flow. Heat f low data may be l inked, and the 
extent of regional thermal anomalies determined, through the use o f  
magnetotel lur ic surveys and depth-to-Curie p o i n t  mapping. I n  p a r t i c -  
u lar ,  there i s  strong evidence f o r  a c o r r e l a t i o n  between depth t o  deep 
c rus ta l  e l e c t r i c a l  conductors and surface heat flow. Gravi ty data 
have been used t o  locate HDR anomalies associated w i t h  favorable 
bur ied s i  1 i c i  c and a1 ka l  i c  i n t r u s i v e  bod1 es. 
A va r ie t y  o f  seismic methods can help i d e n t i f y  the thermal 
anomalies, s t ruc tu ra l  features, and depth t o  po ten t i a l  reservo i r  rocks 
i n  areas w i t h  a HDR resource. Geological surveys provide a framework 
w i t h i n  which data from the geophysical surveys may be interpreted; 
they a lso include petrologic,  s t ruc tu ra l ,  and temporal studies of heat 
sources. I n  addi t ion,  resource d e f i n i t i o n  c a l l s  f o r  evaluat ion o f  the 
stress regime and permeabi l i ty  w i th  depth i n  HDR reservo i r  rocks. 
Several speakers noted t h a t  many "hot dry wel ls"  found w i t h i n  the 
conductive haloes o f  hydrothermal systems might be used i n  both ex- 
p l o r a t i o n  and i n  a r t i f i c i a l  development o f  the HDR resource. 
A l l  geophysical and geological panels a t  the workshop agreed 
t h a t  a clearing-house f o r  e x i s t i n g  geological and geophysical data i s  
needed f o r  f u t u r e  comprehensive evaluations o f  t he  HDR resource. 
1 
11. HEAT FLOW CRITERIA FOR HDR EXPLORATION 
Heat f low,  because i t  i n v o l v e s  d i r e c t  temperature measurements, i s  
Usually the u l t ima te  standard f o r  evaluat ing geothermal po ten t i a l  . I t s  import- 
ance increases as the scale o f  resolut ion narrows t o  t h a t  o f  choosing d r i l l i n g  
s i t e s  . 
Crustal heat f l ux  var ies between regions o f  r e l a t i v e  geological s t a b i l i t y  
such as eastern o r  midwestern North America, and the more ac t i ve  regions l i k e  
western North America where crusta l  temperatures are usual ly  hotter. 
For stable regions J. Costain ( V i r g i n i a  Polytechnic I n s t i t u t e  and State 
Univers i ty)  c i t e d  several geological set t ings t h a t  seemed promising f o r  HDR. 
These take advantage o f  the f a c t  t h a t  heat f low i s  the product o f  thermal 
gradient and thermal conduct iv i ty;  therefore, regions of low thermal con- 
d u c t i v i t y  can have rather  high thermal gradients and hence high temperatures 
2 
I INTRODUCTION 
Hot dry rock (HDR) i s  defined as t h a t  p a r t  o f  a geothermal anomaly where 
the f l u i d s  needed f o r  production o f  steam o r  hot water are lacking. Most of 
the wor ld 's geothermal resource i s  not present i n  the form o f  natural  hydro- 
thermal systems but  as HDR. Development o f  t h i s  resource through the  use of 
manmade geothermal systems i s  i n  progress i n  several countries. The largest  
of these experiments, the Fenton H i l l  HDR geothermal pro ject ,  i s  funded by t h e  
U.S. Department of Energy and the governments o f  West Germany and Japan. This 
p ro jec t  i s  located a short  distance west o f  the r i m  o f  t he  Valles Caldera i n  
the  Jemez Mountains of New Mexico. As the Fenton H i l l  experiments progressed 
i t  became evident t h a t  the l oca t i on  and extent o f  the HDR geothermal resource 
i n  other areas should be evaluated and t h a t  po ten t i a l  HDR d r i l l i n g  s i t e s  be 
located as p a r t  o f  a comprehensive program needed t o  encourage i t s  develop- 
ment. Because the HDR resource lacks the sharp physical and chemical con- 
t r a s t s  produced by natural  f l u i d s ,  i t  presents d i f f e r e n t  explorat ion problems 
from those o f  conventional hydrothermal explorat ion. The purpose o f  t h i s  
workshop, held i n  Los Alamos, New Mexico, 21-23 June, 1982, was t o  review 
geological, geochemical, and geophysical explorat ion methods current ly '  used 
for  HDR recogni t ion and resource evaluation, and t o  evaluate new ideas for  HDR 
expl o ra t i on  . 
A l i s t  o f  workshop attendees, the agenda, and the papers presented a t  the 
workshop are i n  the Appendix. 
a t  moderate depths, even though heat f low i s  only average. Heat f low i s  
f u r t h e r  enhanced if loca l  c rus ta l  heat generation i s  high. Hence, two i n t e r -  
e s t i n g  HDR p o s s i b i l i t i e s  would be regions o f  normal gradient but deep, re la -  
t i v e l y  i n s u l a t i n g  sedimentary rock and regions o f  h igh heat generation, such 
as a g r a n i t i c  p lu ton ove r la in  by "blanketing" sedimentary layers. W. Hinze 
(Purdue Univers i ty)  elaborated upon some va r ia t i ons  where crusta l  heat i S 
concentrated by a l o c a l  good conductor such as a s a l t  dome, by hydrothermal 
c i r cu la t i on ,  by residual  magmatic heat, o r  by upper mantle sources whose 1 1 
i thermal ef fects have not y e t  d i f f used  t o  the upper crust. Hinze c i t e d  thermal 
I 
1 anomalies w i t h i n  t h e  M i s s i s s i p p i  Embayment as a p o s s i b l e  example of  
1 "channell ing" by a good conductor. K. German (Univers i ty  o f  Nebraska a t  
L incoln) a t t r i b u t e d  high temperatures i n  western Nebraska t o  the  hydrothermal i I 
c i r c u l a t i o n  mechanism, as d id  D. Hodge (SUNY, Buf fa lo) ,  t o  expla in  h igh 
bottom-hole temperatures i n  basement rock near Auburn, New York. 
Hence, from the standpoint o f  heat f low methods HDR explorat ion i n  o lder  
"stable" cont inental  c rus t  involves three c r i t e r i a :  (a) l oca t i ng  regions of 
i t y ,  and (c) determining radiogenic heat production i n  basement rock. 
Because o f  a f a r  greater densi ty o f  thermal anomalies, t ec ton i c  zones 
such as the western U.S. have enjoyed a much higher l e v e l  o f  geothermal explor- 
at ion, and many geothermal areas have been i d e n t i f i e d .  Thus, an obvious HDR 
explorat ion technique c i t e d  by D. Blackwell (Southern Methodist Univers i ty)  
and M. Smith (Los Alamos National Laboratory) i s  t o  obtain heat f l ow  data i n  i 
I the "conductive ha1 oes" surrounding known hydrothermal s i tes.  Indeed, these I 
areas often have s u f f i c i e n t  numbers o f  "dry holes" t o  make them more i n t e r -  ~ 
~ 
e s t i ng  as HDR s i t e s  than as conventional s i tes.  Steep geothermal gradients I 
are, of course, d i r e c t  i nd i ca to rs  o f  h igh temperatures a t  accessible depths, 
but Blackwell ind icated the need for a more r e l i a b l e  and e a s i l y  i n te rp re ted  
way of using heat flow t o  p r o j e c t  thermal e f f e c t s  t o  great depth. Ground 
water and hydrothermal water c i r c u l a t i o n  add f u r t h e r  complications, i nc lud ing  
extremely high apparent surface heat flow, but there i s  a growing body o f  
experience i n  modeling these si tuat ions,  
Further Work i n  Heat Flow Methods 
The ou t l i nes  f o r  adequate heat f low c r i t e r i a  i n  HDR explorat ion are given 
above. However, the panel noted t h a t  these c r i t e r i a  could be improved and 













(1) A higher densi ty o f  heat f l ow  determinations would be extremely 
Useful ; i t  i s  p a r t i c u l a r l y  important t o  extend measurements beyond 
the  immediate area o f  a wet geothermal o r  HDR s i t e  i n  order t o  re- 
duce ambiguity i n  i n te rp re ta t i on  o f  heat f l ow  data and t o  be t te r  
model convective heat t ransfer .  
(2) Bet te r  communication between the  academic community and the  geo- 
thermal indust ry  would be benef ic ia l  i n  obta in ing basement tempera- 
tures and cores f o r  measurement o f  basement temperature, thermal 
conduct iv i ty,  and heat generation. 
( 3 )  The Decade o f  North American Geology (DNAG) ser ies o f  maps could 
serve as the  o u t l e t  f o r  four  addi t ional  maps: 
(a) temperature a t  top o f  basement, 
(b) basement heat production, 
(c)  heat f low a t  basement surface, and 
( d )  surface heat flow. 
111. SEISMIC CRITERIA  FOR HDR EXPLORATION 
I f  one were t o  look only a t  t he  r e l a t i v e l y  m a l a  e fects,  due purely t o  
temperature, on seismic ve loc i t ies ,  then only  subt le  var ia t ions  i n  seis-  
mological observations would be observed. The u t i l i t y  o f  seismic methods i s  
i n  determining c rus ta l  s t ruc tu re  and thermal ly associated but o f ten  i n d i r e c t  
phenomena such as the  presence o f  f l u ids .  
Many o f  the  seismic methods are so wel l  establ ished t h a t  they are almost 
taken f o r  granted. W. Laugh1 i n  (Los Alamos National Laboratory) described 
re f l ec t i on  surveys t h a t  were used t o  character ize depth t o  basement a t  the  
f i r s t  HDR s i t e  a t  Fenton H i l l ,  New Mexico. Magma bodies are po ten t ia l  HDR 
thermal sources and S. Kaufman (Cornel 1 Un ivers i ty )  showed how r e f l e c t i o n  
p r o f i l e s  helped def ine a magma layer  intruded beneath the  v i c i n i t y  o f  SocOrrO, 
New Mexico. L. B r a i l e  (Purdue Univers i ty)  mentioned the  strong s t ruc tu ra l  
con t ro ls  provided by seismic re f rac t i on  i n  the  Yellowstone-Snake River P l a i n  
region; these included substant ia l  ve loc i t y  decreases, as much as 30%, a t t r i b -  
uted t o  f lu ids .  Although the f l u ids  would not themselves be the  object  o f  HDR 
explorat ion,  they could contr ibute t o  heating nearby rock i n  the  "Conductive 
halo." 
Seismic methods are p a r t i c u l a r l y  wel l  su i ted  t o  l oca t i ng  d is turbed zones 




I n s t i t u t e  of Technology) noted t h a t  almost a l l  the hot zones cu r ren t l y  
establ ished as geothermal s i t e s  are characterized by deep c rus ta l  low-veloci ty 
cores. These comprise not only g iant  systems such as Yellowstone, but a lso 
t h e  Jemez Caldera (although v e l o c i t y  surveys i ns ide  and outside the caldera 
d i d  not p lay a r o l e  i n  o r i g i n a l l y  choosing t h i s  HDR geothermal s i t e ) .  Three- 
dimensional te leseismic P-wave delay studies have s t r i k i n g l y  out1 ined several 
low-veloci ty cores t h a t  represent hot rock t h a t  provides heat both t o  the 
l o c a l  hydrothermal systems and t o  the halo o f  hot but dry rock. Seismici ty 
serves t o  del ineate possible HDR reservo i rs  i n  a number o f  ways: i t  can 
locate possible i n t rus ions  such as the  Socorro magma layer; on the  l oca l  scale 
i t  can provide informat ion on stress d i rec t i ons  as a guide t o  d r i l l i n g .  
Contrary t o  the case f o r  conventional reservoirs,  se ismic i ty  i s  a negative 
i n d i c a t o r  f o r  manmade systems because o f  the danger o f  induced earthquakes and 
o f  water loss through ac t i ve  fau l t s .  
Some o f  the appl icat ions and informat ion supplied by seismic methods are 
summarized i n  Table I. 
Further Work i n  Seismic Methods 
Future work i n  seismic HDR explorat ion should take advantage o f  those 
propert ies t h a t  are most sens i t i ve  t o  crack s t ructure and pore f l u i d s  as ways 
t o  define the general form o f  geothermal structures: 
(1) Teleseismic S-wave st ructure t o  def ine 3-D st ructure as done f o r  
P-waves. 
(2) Determination o f  S-vel oc i  t i es , Poi sson I s  r a t i  os, and 9-l i n r e f  rac- 
t i o n  surveys. 
(3) Control led surface wave studies t o  improve reso lu t i on  o f  V, and Qs . 
(4) Deta i led studies o f  known conventional hydrothermal and HDR areas t o  
gain experience i n  se ismica l ly  de f i n ing  these reservoirs. 
-1 
I V .  MAGNETOTELLURIC CRITERIA FOR HDR EXPLORATION 
E l  ec t  romagnet i c methods, magnetotell u r i  cs (MT) i n pa r t  i cu l  a r  , are extreme- 
l y  useful  i n  geothermal explorat ion because o f  the s e n s i t i v i t y  o f  rock conduc- 
t i v i t y  t o  water content and t o  elevated temperatures. MT can t a r g e t  HDR 
resources i n  two important ways. As a regional explorat ion method, MT can be 
Used t o  map the c rus ta l  deep e l e c t r i c a l  conductor. M. Ander (Los Alamos 
National Laboratory) showed f i ve 1 ong two-dimensional model s devel oped from 
approximately 200 MT soundings i n  Arizona and New Mexico. These models 
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TABLE I 
CHARACTERISTICS OF SEISMIC PARAMETERS RELATED TO HDR EXPLORATION 
Telesei smic Ref lec t ion  Refract ion Surface Wave 
Residuals P ro f i  1 i ng  P r o f i l i n g  Seismici ty Studies 
Parameters 3-D d i s t r i b u t i o n  o f  Vp Vp, Vs sometimes 
measured, f general ly 
8-50 hz, r e f l e c t i o n  
coef f i c ien ts ,  0- , 
Poisson's ra t i o .  
Compressional ve loc i ty  , 
sometimes amplitupe 
var ia t ions  and 9- 
structure;  f generally 
1-20 hz. Parameters 
may show dependence 
on temperature although 
expected t o  be near 
l i m i t  o f  resolution. 
Useful f o r  s t ruc tu ra l  
mapping which may re la te  
t o  HDR potent ia l .  
Resolution Limited mainly by the  Ver t i ca l  reso lu t ion  
s ta t i on  spacing, usua l ly  
poorer than 10 km. The reso lu t ion  r300-500 m. 
f i n e s t  reso lu t ion  so 
f a r  achieved i s  5 km f o r  
Coso. which i s  probably 
optimal considering the  
wavelength o f  t yp i ca l  
te leseismic P waves. 
+lo0 m (a /4 )  hor izon ta l  
Depths Depth o f  probing En t i re  crust ,  i f  
comparable t o  the  s ize  
o f  aperture. penetration. 
s u f f i c i e n t  energy 
Bodies on the  order o f  
several km o r  la rger  may 
be adequately mapped. 
Hay be appl ied t o  bodies 
a t  v i r t u a l l y  any depth, 
ce r ta in l y  w i th in  the  
crust ,  bu t  reso lu t ion  
general ly degrades 
w i th  depth. 
P and S ve loc i t i es  must 
general ly be assumed 
although P/S ve loc i t y  
r a t i o  can be determined 
f o r  an area. Earth- 
quake locat ions and 
focal mechanisms are  
determi ned. S t  ress 
d i rec t ions  from foca l  
mechanisms are useful  
f o r  HDR exp lo i ta t ion .  
Presence o f  earth- 
quake a c t i v i t y  cor-  
re la tes  with major 
geothermal anomalies 
associated with 
tec ton i ca l l y  ac t i ve  
areas. Not known t o  
be associated with 
thermal anomalies i n  
c ra ton ic  regions. 
Seismici ty may ind ica te  
f rac tu re  porosi ty.  
Dependent on seismograph 
array parameters. I f  
s u f f i c i e n t l y  dense array 
available. sei  smici ty 
associated with thermal 
anomalies o f  dimensions 
on the  order o f  k i l o -  
meters can be indicated. 
Applicable t o  any depth. 
Surface wave dispersion 
i s  most sens i t i ve  t o  
var ia t ions  i n  shear wave 
ve loc i t y  but can a lso  be 
used t o  study Vp and 
densi ty i n  idea l  circum- 
stances. Two-station 
techniques cfn be used t o  
determine Q- . 
Relatvely low frequencies 
are normally used bu t  
studies o f  quarry b las ts  
have successful ly deter- 
mined dispersion curves 
t o  periods o f  approximately 
1 sec. 
Normally surface wave 
studies are considered t o  
be o f  low resolut ion.  
However. con t ro l led  experi- 
ments could produce re la -  
t i v e l y  h igh  reso lu t ion  
resu l t s  i n  areas where the  
near surface geology i s  
simple (i.e. f l a t  l y i n g  
layers). A major l i m i t  t o  
reso lu t ion  i s  the  d i f f i -  
c u l t y  o f  deal ing with two- 
dimensional earth models. 
Surface wave studies can 
be "tuned" t o  the  depth o f  
i n te res t  because the  depth 
o f  penetrat ion i s  dependent 
on frequency. Long per iod 
waves (50-150 sec) are 
rou t i ne l y  used t o  study the  
upper mantle. The "ground 
r o l l "  o f  r e f l e c t i o n  surveys 





Character is t ics  
TABLE I (cont) 
Teleseisnic 
Residuals 
Ref lect ion 
Prof  i 1 i n g  
Refraction 
P r o f i l  i ng Seismicity 
Surface Wave 
Studies 
Molten body o r  p a r t i a l l y  
mol ten body o f  s ize 
greater than abgut 
10 x 10 x 10 km 
having a ve loc i t y  con- 
t r a s t  o f  a few % from 
the surround1 ng rock. 
Molten body: seen as 
large r e f l e c t i o n  
c o e f f i c i e n t  . 
Par t i a l  melt: possible 
r e f l e c t i o n  and ve loc i t y  
anmaly. 
Molten body: anmalous 
P I S  ve loc i t y  ra t i o ,  
amplitude (wide angle 
r e f l e c t i o n  c o e f f i c i e n t )  
and attenuation expected. 
Low P ve loc i t y  expected 
b u t  may not  be l a rge  
enouah e f f e c t  t o  be 
Seismic noise studies 
have also been used t o  
l oca te  both hydrothermal 
anomalies and magmatic 
i n t r u s i  ons. 
measirabl e. 
P a r t i a l l y  molten body: 
Same as f o r  molten body 
bu t  anomalies w i l l  be 
sma? 1 e r  . 
Many anomalous condit ions 
associated with 
targets  are most pronounced 
i n  t e r n  o f  S-wave ve loc i ty .  
Surface waves can be 
p a r t i c u l a r l y  useful f o r  
targets  t h a t  can be expected 
t o  substant ia l ly  a f f e c t  Vs. 
S o l i d  HDR Target Probably no t  I f  temperature contrast  Absence o f  seismicity. Probably no t  
I s  large enough (on the 
order o f  l0O'C) as cow- 
pared w i t h  adjacent rocks. 
s im i l a r  anomalous seismic 
wave parameters as those 
described f o r  molten rock 
may be observed. 
Remarks The method has so f a r  
detected low-veloci t y -  
bodies (most l i k e l y  
p a r t i a l l y  molten) 
i n  the c rus t  and upper 
mantle beneath a l l  the 
studied geothermal areas 
i n  the western U.S. 
except under volcanoes 
i n  Cascades. Method 
could conceivably be 
applied t o  attenuation 
and S-wave ve loc i t ies.  
Satisfactory s t a t i s t i c s .  
su l tab le energy source. 
and adequate ve loc i  ty 
informati on required. 
i nd i ca te  strong evidence f o r  a co r re la t i on  between the  depth t o  deep elec- 
t r i c a l  conductor and surface heat f low as w e l l  as w i th  regional  tectonics.  One 
o f  these models, from Seligman t o  Yuma, Arizona, was used i n  a presentat ion by 
C. Aiken (Univers i ty  of Texas) and M. R. Hong (Univers i ty  o f  Texas) t o  
i nd i ca te  a co r re la t i on  between the  depth t o  the  deep c rus ta l  conductor and t h e  
depth- to -Cur ie  p o i n t .  M. Ander and T. Shankland (Los Alamos N a t i o n a l  
Laboratory) showed resu l t s  o f  a co r re la t i on  study o f  worldwide MT f i e l d  data 
and c rus ta l  temperature obtained from surface heat flow. A pronounced r e s u l t  
of t h e i r  study was t h a t  even the most r e s i s t i v e  c rus ta l  regions have con- 
d u c t i v i t i e s  several orders o f  magnitude be t te r  than laboratory  samples and 
t h a t  t h i s  i s  eas i l y  explained by the presence o f  vo la t i l es ,  water i n  par- 
t i c u l a r .  Most importantly, the  data could be wel l  represented by a s t r a i g h t  
l i n e  f i t on a l o g  vs 1/T p l o t  i nd i ca t i ng  an excel lent  co r re la t i on  between 
c rus ta l  e l e c t r i c a l  conduct iv i t y  and c rus ta l  temperature. G.  R. Ji racek (San 
Diego State Un ivers i ty )  suggested t h a t  the deep c rus ta l  e l e c t r i c a l  conductive 
horizon may occur where an impermeable, d u c t i l e  cap t raps  pore f l u i d s  beneath. 
Duc t i l e  f low mechanisms are thermal ly act ivated processes t h a t  invo lve  charge 
defects, l a t t i c e  dis locat ions,  o r  atomic d i f f us ion ,  a l l  o f  which enhance So l i d  
s ta te  e l e c t r i c a l  conduction. I f  ac t i ve  magma i n j e c t i o n  destroyed the  in teg-  
r i t y  of the d u c t i l e  cap, trapped f l u i d s  would escape, r e s u l t i n g  i n  an overa l l  
decrease i n  conduct iv i ty.  The f i n a l  e l e c t r i c a l  signature would depend on 
thermal gradient, r e l a t i v e  impermeabil ity o f  the cap, extent  o f  the  pore 
f l u i d s  beneath, and amount o f  magma in t rus ion.  Because temperature would 
l i k e l y  be the major var iab le i n  a given geologic province, J i racek a lso  f e l t  
t h a t  the  depth o f  a conductive layer, even i f  caused by a d u c t i l e  layer,  would 
provide a measure o f  the thermal gradient. Therefore i t  i s  l i k e l y  t h a t  
estimates o f  c rus ta l  temperature and regional heat f low can be obtained from 
estimates of the depth t o  c rus ta l  e l e c t r i c a l  conductor. 
As a l oca l  explorat ion method MT can be used t o  map the  s t ruc tu re  of re-  
s i s t i v i t y  changes a t  a po ten t ia l  HDR s i te .  This requires h igh-qual i ty  MT data 
and a t i g h t  MT s ta t i on  spacing. For both the regional  and s i t e  spec i f i c  
explorat ion,  problems e x i s t  i n  modeling and i n  i n t e r p r e t i n g  the f i e l d  resul ts .  
Technology) , and D. Chambers (Woodward-Clyde Consultants, Inc.) discussed t h e  
nature of some of the p i t f a l l s  o f  MT i n te rp re ta t i on  i n  both two- and three- 
dimensions. MT i n te rp re ta t i on  i s  a complex a r t ,  even i n  many cases where t h e  
/ A. Orange (Emerald Exploration, Inc.), S. Park (Massachusetts I n s t i t u t e  of 
data appear straightforward; recogni t ion o f  t h i s  complexity i s  a major step 
towards the  r e a l i z a t i o n  o f  the  method's f u l l  capab i l i t ies .  Intense study o f  a 
wide v a r i e t y  o f  two- and three-dimensional models w i l l  provide the  i n t e r p r e t e r  
w i t h  valuable, c r i t i c a l  ins igh t .  Most impor tant ly  MT surveys should be 
planned using t h i s  ins igh t .  
Further Work i n  Electromagnetic Surveys 
f o r  f u r t h e r  work. 
The electromagnetics working group had several spec i f i c  recommendations 
(1) I n  the  past decade wel l  over 5000 MT soundings have been completed 
i n  the  United States, These represent an ex t rao rd ina r i l y  valuable 
data base f o r  determining the depth t o  the deep e l e c t r i c a l  con- 
ductor. It was suggested t h a t  these data be compiled i n  a s ing le  
da ta  base and analyzed. An in te rna t iona l  p ro jec t  t o  do t h i s  has been 
endorsed already by the  National Academy o f  Science. This would be 
of value i n  f u r t h e r  conf i rming the cor re la t ions  between e l e c t r i c a l  
conduct iv i ty,  heat flow, depth-to-Curie po int ,  and regional  teC- 
tonics. 
(2) A continuous explorat ion program using e l e c t r i c a l  methods should be 
d i r e c t e d  toward l o c a t i n g  c o n d u c t i v i t y  anomalies i n  t h e  U n i t e d  
States. These could be e i t h e r  hydrothermal o r  HDR systems. The 
d i s t r i b u t i o n  o f  heat f low and e l e c t r i c a l  proper t ies may wel l  be 
useful i n  d i f f e r e n t i a t i n g  the two types o f  systems. 
(3)  A major  uncer ta in ty  ex i s t s  i n  knowing r e t  enhanced 
n d u c t i v i t i e s  i chanisms are 
numerous. though we have anding of these 
effects, there  i s  i n s u f f i c i e n  information t o  judge how these ef- 
f e c t s  p e r s i s t  over time, Fo pore f l u i d  
enhancing conduct i v i  ty  over geol temperature 
hundred degrees o r  do they form hydrated minerals hence change 
rock conduct i v i  t y ?  I addit ion,  long-term measu n t s  of e lec- 
t r i c a l  conduct1 v i  t i e s  n rocks need t o  be undertaken a t  geologic 
temperatures and p r  ures t o  Understand changes w i th  time. 
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V. GRAVITY AND MAGNETIC CRITERIA  FOR HDR EXPLORATION 
There are many ways i n  which g r a v i t y  and magnetic methods can be appl ied 
t o  explorat ion f o r  HDR resources. Gravi ty analysis i s  wel l  su i ted f o r  mapping 
depth t o  rocks w i th  low permeabil ity. Magnetic methods are not usual ly  as 
wel l  su i ted f o r  t h i s  because magnetic "basement" seldom coincides w i t h  geo- 
l o g i c  "basement." Gravi ty can be used t o  some minor extent i n  studying the  
nature o f  the sedimentary blanket. Both g r a v i t y  and magnetic surveys are 
important methods f o r  de l ineat ing both regional and l o c a l  s t ruc tu re  i n  the 
Phanerozoic and the basement. They are p a r t i c u l a r l y  good f o r  l o c a t i n g  fau l t s ,  
suture zones, and o l d  r i f t  structures. Magnetic surveys may be used t o  de- 
termine depths t o  the Curie isotherm. A shallowing i n  the depth t o  the Curie 
isotherm may suggest a thermal upwell ing and therefore a possible HDR t a r g e t  
area. 
J. Costain, L. Glover ( V i r g i n i a  Tech), D. Hodge, and K. Fromm (SUNY, 
Buf fa lo)  described the use o f  g r a v i t y  data i n  ta rge t i ng  HDR s i t e s  i n  t h e  
eastern U.S. whi le W. Hinze, L. Bra i le ,  R. von Frese (Purdue Univers i ty) ,  G. 
R. Kel ler ,  R. Roy (Univers i ty  o f  Texas a t  E l  Paso), and P. Morgan (Lunar and 
Planetary I n s t i t u t e )  described g r a v i t y  appl icat ions i n  the midcontinent U.S. 
I n  these studies, g r a v i t y  and magnetic data covering broad regions have been 
observed, compiled, and i n  some cases f i l t e r e d  t o  enhance p a r t i c u l a r  a t t r i -  
butes o f  the anomaly f ie ld .  These maps are proving useful  reconnaissance 
t o o l s  i n  mapping t e c t o n i c / l i t h o l o g i c  regimes t h a t  serve as guides t o  l o c a l i z e  
more de ta i l ed  geophysical and geologic studies. I n  pa r t i cu la r ,  g r a v i t y  and 
magnetic surveys have helped i n  invest igat ions o f  s i l i c i c  and a l k a l i c  i n t r u -  
s i ve  bodies, which are po ten t i a l  radiogenic heat sources. S i l i c i c  i n t r u s i v e s  
are commonly characterized by g rav i t y  minima o f  the order o f  a few tens o f  
m i l l i g a l s  and negative magnetic anomalies. However, some plutons studied i n  
t h e  m idcon t inen t  a r e  assoc ia ted  w i t h  re1 a t i v e l y  h i g h  magne t i t e  c o n t e n t s  
r e s u l t i n g  i n  strong loca l i zed  magnetic anomalies. The g r a v i t y  signature of 
these high-magnetite plutons i s  absent o r  s l i g h t l y  posi t ive.  By contrast, 
a1 k a l  i c i n t r u s i  ves are general l y  marked by both intense posi ti ve g r a v i t y  and 
magnetic anomalies. 
I n  two separate papers, 1. Won (North Carol ina State Univers i ty) ,  C. 
Aiken and R. Hong discussed the inversion o f  magnetic data t o  determine the  
depth-to-Curie po int  isotherm. Aiken and Hong described how depth-to-Curie 
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p o i n t  estimates they made along a p r o f i l e  from Yuma t o  Seligman, Arizona, 
corre la ted wi th  estimates o f  depth t o  deep c rus ta l  e l e c t r i c a l  conductor made 
along the same p r o f i l e  by M. Ander using MT data. 
Further work on g r a v i t y  and magnetic methods 
t h e r  work i n  applying g r a v i t y  and magnetic methods t o  HDR explorat ion. 
The g rav i t y  and magnetic working group i d e n t i f i e d  several areas f o r  f u r -  
More case studi6s are needed. 
Petrophysical studies are needed t o  obtain precise measurements of 
densi ty and magnetization o f  rocks o f  i n te res t .  Studies addressiPg 
the magnetization o f  rocks as a funct ion o f  temperature f o r  extended 
times are considered especia l ly  important . 
Gridded f i l t e r e d  data sets must be general ly avai lable. 
Although magnetic maps are widely avai lable, d i g i t a l  magnetic data 
are not. It would be useful  t o  make such data  avai lable. 
It would be p r o f i t a b l e  t o  f u r t h e r  study the c o r r e l a t i o n  between the  
depth-to-Curie isotherm estimates and surface heat f low and the 
depth t o  the deep c rus ta l  e l e c t r i c a l  conductor. 
V I .  GEOLOGIC METHODS FOR HDR EXPLORATION 
Geologists at tending the workshop a l l  emphasized a m u l t i d i s c i p l i n a r y  
approach t o  HDR explorat ion. Their r o l e  i s  t o  provide the geological framework 
for  geophysical data i n  regional HDR surveys and t o  characterize the genesis 
and thermal h i s t o r y  o f  heat sources w i t h i n  geothermal areas associated w i t h  
recent volcanism o r  older s i l i c i c  plutons. The geologis t 's  r o l e  has changed 
l i t t l e  since the Hot Dry Rock Resource Evaluation Panel (HDRAP) o f  t he  Energy 
Research and Development Administrat ion defined the v a r i e t y  o f  geological 
surveys needed f o r  HDR explorat ion and development. 
Within igneous systems, which make up most o f  the known geothermal re-  
source areas (KGRA's) of t he  United States, the geologis t 's  r o l e  i n  d e f i n i n g  
HDR resource i s  substant ia l  To understand he extent and magnitude of 
hydrothermal and an igneous system u i  res deta i  1 ed i nfor- 
mation on the s t  g, ages, d i s t r i b u t i o n ,  1 ume , and composi t i on 
o f  volcanic un i ts ,  and the hydrologic s e t t i n g  and chemistry o f  rock-water 
i n te rac t i ons  w i t h i n  the system. The r a t e  o f  f rac tu re  formation and f rac tu re  
11 
heal ing w i t h i n  these systems must be determined. A l l  o f  t h i s  resource def i -  
n i t i o n  requires d r i l l i n g  and care fu l  analysis o f  cores, cu t t ings ,  and geo- 
physical wel l  logs. 
One of the most useful data sets f o r  the geologis t  i s  from the  many wel ls  
d r i l l e d  f o r  hydrothermal development t h a t  have high temperatures but no produc- 
t i o n  of f lu ids .  By keeping records o f  "hot but dry" wel ls  w i t h i n  KGRA's, the  
high-grade HDR 
Examination of regional thermal anomalies i s  mostly i n  the realm o f  geo- 
physical surveys. However, the character izat ion o f  HDR reservo i r  rocks 
depends upon good physical and pe t ro log ic  studies. 
E . Padovani (National Science Foundati on) d i  scussed the  u t i  11 t y  o f  p e t r o l  - 
ogy of xenol i ths from young volcanic rocks as a t o o l  f o r  geothermal evalua- 
t ion .  It i s  possible t o  use mineralogic geobarometers and geothermometers t o  
ca lcu la te  thermal gradients; these serve wel l  as supplements t o  measured heat 
flow. 
A major problem i n  HDR resource evaluat ion i s  determination o f  changes i n  
the  s t ress regime and permeabi l i ty  w i th  depth i n  a va r ie t y  o f  geologic 
set t ings.  These data are needed f o r  i d e n t i f i c a t i o n  o f  rock u n i t s  t o  serve as 
HDR reservo i r  rocks. 
Compilation and evaluat ion o f  e x i s t i n g  geological and geophysical data 
would be easier i f  there were a clearinghouse f o r  published and propr ie ta ry  
information. Also needed are be t te r  cu ra to r ia l  f a c i l i t i e s  f o r  t he  preserva- 
t i o n  of d r i l l  cores and cut t ings;  perhaps such f a c i l i t i e s  could be establ ished 
through a cont inental  s c i e n t i f i c  d r i l l i n g  program. 
resource may be best evaluated. 
V I I .  CASE STUDIES 
W. Laughlin and M. Smith described the process o f  se lec t ing  the  f i r s t  hot  
dry rock geothermal s i t e  i n  the  Jemez Mountains, New Mexico. O f  primary impor- 
tance t o  s i t e  se lect ion was the published data ava i lab le  on the  extent, age, 
and nature o f  t he  Val les Caldera. Heat f low measurements along the  western 
edge of the  caldera, s t ruc tu ra l  mapping and a s l i m  exploratory  d r i l l  hole t o  
the  Precambrian "basement" were key fac to rs  i n  s i t e  selection. Determination 
of  t h e  degree o f  f a u l t i n g  and j o i n t i n g  w i t h i n  t h e  p lu ton ic-metamorphic  
reservo i r  rocks was not possible and could be determined only  by d r i l l i n g .  




answers and appears t o  be the best l o c a l  s i t e  evaluat ion technique; i t  cer--  
t a i n l y  was a t  the New Mexico s i te .  
Hodge and Fromm used heat flow, temperature gradients, and g r a v i t y  surveys 
t o  search f o r  hidden thermal anomalies i n  t h e  northern Appalachian basin. 
I n i t i a l  r e s u l t s  i nd i ca te  t h a t  va r ia t i ons  i n  temperature gradients are due t o  
heat generation i n  g r a n i t i c  plutons i n  the basement ( s i m i l a r  t o  the anomalies 
described by 3. Costain i n  the A t l a n t i c  coastal p la in) .  Recent d r i l l i n g  i n  
western New York s ta te  has indicated t h a t  not a l l  thermal anomalies .a re  re- 
l a t e d  t o  bur ied g r a n i t i c  plutons; some appear t o  be the r e s u l t  o f  hydrothermal 
c i r c u l a t i o n  along f a u l t s  and f ractures w i t h i n  the  basin. 
Heat flow measurements, bottom-hol e temperatures i n  o i  1 and gas we1 1 s, 
and residual  Bouguer g r a v i t y  maps were the basis o f  a geothermal resource 
assessment o f  Nebraska by Gosnold and German (Univers i ty  o f  Nebraska). Two 
areas w i t h i n  the s ta te  have high heat flow. Within the panhandle o f  Nebraska 
the  anomalies appear t o  be due t o  updip f low o f  deep aqui fers  from the 
Denver-Jul esberg basin . High heat f 1 ow w i t h i n  north-central  Nebraska 1 s more 
d i f f i c u l t  t o  explain; i t  may be re la ted  t o  water f low along f ractures i n t o  the 
Dakota group o r  t o  bur ied g r a n i t i c  plutons. More d r i l l i n g  i n t o  Precambrian 
basement rocks i s  needed t o  evaluate the HDR geothermal resource o f  Nebraska, 
but  i t s  po ten t i a l  seems high. 
Geothermal e x p l o r a t i o n  s t r a t e g i e s  used i n  t h e  Rhine graben by t h e  
European Communities were presented by B. Hoffers (Los Alamos National Lab- 
oratory  and Gerwerkschaft Walter). These include: (1) work on the gneisses 
and schis ts  o f  Hercynian age, grani tes o f  Carboniferous age, and Paleozoic 
sedimentary rocks, (2) bottom-hole temperatures and heat f l ow  measurements, 
(3) Bouguer g r a v i t y  anomalies, and (4) t ec ton i c  analysis. D i a p i r i c  r i s e  Of 
mantle under the  Rhine graben and higher temperature gradients were i d e n t i f i e d  
through the use of, i n  add i t i on  t o  those surveys described above, r e f r a c t i o n  
and ref  1 e c t i  on sei  smi c p ro f  11 es , MT surveys, aeromagnetic surveys, and e l  ec- 
t r i c a l  surveys. 
13 
APPEND I X 
ATTENDEES, AGENDA, AND PAPERS PRESENTED AT WORKSHOP ON EXPLORATION OF 
HOT DRY ROCK GEOTHERMAL SYSTEMS 
ATTENDEES 
Carlos L e  V. Aiken 
Un ive rs i t y  o f  Texas, Da l l  as 
K e i i t i  Aki 
Massachusetts I n s t i t u t e  
Me 3. A ld r i ch  
Los Alamos National Laboratory 
Mark E. Ander 
Los A1 amos National Laboratory 
Kenneth E. Apt 
Los A1 amos National Laboratory 
Barbara Arney 
Los Alamos National Laboratory 
John H e  B i r e l y  
Los Alamos National Laboratory 
David Blackwell 
Southern Methodist Un ive rs i t y  
Lawrence B r a i l e  
Purdue Un ive rs i t y  
A1 1 en Cogbi 11 
Los A1 amos National Laboratory 
Paul J. Coleman, Jr. 
Los Alamos National Laboratory 
John K. Costain 
V i r g i n i a  Polytechnic and State 
Un ive rs i t y  
C. L. Edwards 
Los Alamos National Laboratory 
Wolf E ls ton 
Un ive rs i t y  o f  New Mexico 
Kenneth E. German, Jr. 
Un ive rs i t y  o f  Nebraska, Omaha 
14 
o f  Techno1 ogy 
Fraser Gof f 
Los Alamos National Laboratory 
Norman Go1 d s t e i  n 
Lawrence Berkeley Laboratory 
W e  Por te r  Grace 
U.S. Department o f  Energy 
Grant Heiken 
Los A1 amos National Laboratory 
Wi l l iam J. Hinze 
Purdue Un ive rs i t y  
Dennis S. Hodge 
State Un ive rs i t y  o f  New York, Bu f fa lo  
Bernhard Hof fers  
Los A1 amos National Laboratory 
Truman Hol combe 
San Diego State Un ive rs i t y  
Jimmy 3. Jacobsen 
MCR Geothermal Corp. 
A1 1 an Je l  ac i  c 
U.S. Department o f  Energy 
George J i  racek 
San Diego State Un ive rs i t y  
Sidney Kaufman 
Cornel1 Un ive rs i t y  
George V. K e l l e r  
Colorado School o f  Mines 
Randy K e l l e r  
Un ive rs i t y  o f  Texas, E l  Paso 
Hans Keppler 
Los Alamos National Laboratory 
I '  
i 
! 
John Knox T. 3. Shankland 
Sunoco Energy Development Co. Los A1 amos National Laboratory 
A. W. Laughlin Mort Smith 
Los Alamos National Laboratory Los A1 amos National Laboratory 
Tsvi Meidav 
Trans Paci f i c Geothermal 
Paul Morgan 
Lunar and Planetary I n s t i t u t e  
C. Wesley Myers 
Los Alamos National Laboratory 
Richard 6. Olwin 
Los Alamos National Laboratory 
Arnold Orange 
Emerald Explorat ion Consultants 
Gerhard Suhr 
Prakl a-Sei smos 
Chandler A. Swanberg 
New Mexico State Un ivers i ty  
Rosemary 3. Vidale 
Los A1 amos National Laboratory 
F r i t z  Walter 
Los Alamos National Laboratory 
A1 Wei be l  
Portland, Oregon 
E l  a i  ne Padovani 
National Science Foundation 
Alan 0. Ramo 
Sunoco Energy Development Co. 
Robert E. Riecker 
Los A1 amos National Laboratory 
Francis West 
New Mexico State Engineer's O f f i ce  
John T. Whetten 
Los A1 amos National Laboratory 
Ihn  3, Won 
North Carol ina State Un ivers i ty  
John C. Rowley 
Los Alamos National Laboratory 
1 5  
I 
AGENDA 
HOT DRY ROCK EXPLORATION UORKSHOP 
Nat ional  Secur i ty  and Resources Study Center 
Los Alamos National Laboratory 
16 
Monday, June 21, 1982 
Opening Remarks 
Session I: P. Morgan, Chairman 
M. Smith, Hot Dry Rock i s  Where you F ind It 
D. Blackwell, Heat Flow - The Technique f o r  Hot Dry Rock Explorat ion 
3. Costain, Geothermal Energy i n  the  Eastern Uni ted States: The 
and Evaluat ion 
Radiogenic Model 
M. Ander, Magnetotel l u r i c s  Applied t o  Hot Dry Rock Geothermal Explora- 
G. Jiracek, I n t e r p r e t a t i o n  o f  Magnetote l lur ic  Soundings f o r  Hot Dry 
t i o n  i n  Arizona and New Mexico 
Rock Prospecting 
Session 11: F'. Goff, Chairman 
A. Orange, Some E f fec ts  o f  Two and Three-Dimensional St ructure on 
Magnetotell u r i c  Data 
I. Won, Determination o f  Depth t o  the  Curie Isotherm from Aeromagnetic 
Data 
K. Aki, 3-D Seismic Ve loc i ty  Anomalies i n  the  Crust and Upper Mantle 
Associated w i t h  Geothermal Areas i n  the  Western Uni ted States 
S. Kaufman, Continental St ructure 
6. Heiken, Hot Dry Rock Geothermal S i t e  Select ion 
A. W. Laughlin, Fenton H i l l  S i t e  Select ion and Evaluation: A Case 
H i  story. 
Tuesday, June 22, 1982 
Session 111: C. Aiken, Chairman 
W. Hinze, Geophysical Explorat ion f o r  Hot Dry Rock i n  the  Midcontinent 
L. Bra i le ,  Seismic Methods o f  Hot Dry Rock Explorat ion 
D. Hodge, Geothermal Anomalies i n  the  Northern Appalachian Basin; 
K. German, Geothermal Inves t iga t ions  i n  Nebraska 
B. Hoffers, Geothermal Explorat ion i n  the  Rhine Graben (West Germany 
T. Meidav, Parametric Explorat ion f o r  Hot Dry Rock 
Western and Central New York 
and France) 
Meetings o f  Working Groups 
3. Costain, Chairman, Heat Flow - Un ivers i ty  House 
W. Hinze, Chairman, Grav i ty  and Aeromagnetism - Study Center 
G. Ke l le r ,  Chairman, Electromagnetic Methods - Un ivers i ty  House 
L. Bra i le ,  Chairman, Seismology - Study Center 
E. Padovanl, Chairman, Geology and Geochemistry - Un ivers i ty  House 
Reports o f  Working Groups 
Wednesday, June 23, 1982 
F i e l d  T r i p  t o  Fenton H i l l  Hot Dry Rock Geothermal S i t e  
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HOT DRY ROCK I S  WHERE YOU FIND I T  
Morton C. Smith 
Earth and Space Sciences D iv i s ion  
Los Alamos National Laboratory 
Los Alamos, NM 87545 
Because the  ear th 's  i n t e r i o r  i s  very hot and the  upper c rus t  i s  a poor 
thermal Conductor, the  heat stored i n  c rus ta l  rock a t  p rac t i ca l  d r i l l i n g  
depths represents by f a r  the  la rges t  supply o f  usable energy t h a t  i s  access- 
i b l e  t o  man. A t  l eas t  t o  me, i t  seems inev i tab le  t h a t  -- as our l i m i t e d  
supplies o f  f o s s i l  and nuclear fue l s  dwindle and become more expensive -- t h i s  
vast reservo i r  of thermal energy w i l l  eventual ly be explo i ted t o  mankind's 
bene f i t  a l l  over the  world. Much o f  i t s  use w i l l  be d i r e c t  -- f o r  space 
heating, processing foods and chemicals, and a wide va r ie t y  o f  other low- 
temperature appl icat ions.  However, where r e l a t i v e l y  high temperatures are 
encountered a t  reasonable depths, it w i l l  o f  course a lso be used t o  generate 
e l e c t r i c i t y .  
Some small f r a c t i o n  o f  t h i s  geothermal energy -- probably much less  than 
1% -- i s  stored i n  hydrothermal reservoirs,  representing a useful  and econ- 
omical, but  l im i ted ,  energy resource. The r e s t  i s  i n  the  rock i t s e l f ,  and it 
i s  with t h i s  "essent ia l l y  inexhaust ib le" energy supply t h a t  t he  Hot Dry Rock 
(HDR) Program i s concerned. 
I n  p r inc ip le ,  na tu ra l l y  heated c rus ta l  rock can be o f  any type and i n  any 
physical condi t ion -- and a means can be proposed f o r  ex t rac t i ng  heat from i t  
i n  almost every conceivable geologic s i tuat ion.  For example, the  Soviets pro- 
pose t o  recover large quant i t ies  o f  low-grade heat by a water-f looding opera- 
t i o n  i n  a h igh ly  permeable sandstone. Gunnar Bodvarsson proposes forced 
I c i r c u l a t i o n  through natura l  f ractures i n  f a u l t  systems, w i t h i n  o r  adjacent t o  
1 dikes, o r  along the  in ter faces o f  successive basal t  flows. The B r i t i s h  and 
I t he  French propose t o  c i r c u l a t e  through reopened natura l  f rac tu res  i n  old, 
i weakly sealed, c r y s t a l l i n e  rock. Some years ago, Robert M. Po t te r  proposed 
fo rced h o r i z o n t a l  c i  r c u l  a t i o n  between v e r t 1  c a l  hyd rau l  i c f r a c t u r e s  i n  
formations w i th  low but s i g n i f i c a n t  mat r ix  permeabil i ty. These and a va r ie t y  
of o ther  HDR concepts appear worthy o f  serious invest igat ion.  
A t  Los Alamos, however, we have so f a r  concentrated on only  one type of 
HDR environment and one method o f  heat ext ract ion.  We have assumed that,  a t  


































recent large-scale ear th  movements, the normal s i t u a t i o n  a t  depth i s  hot rock 
w i t h  very low i n i t i a l  permeabi l i ty  and free-water content. This i s  ideal  f o r  
containing a pressurized-water heat-extraction loop, but construct ion o f  such 
a loop requires creat ion o f  f low passages i n  the rock w i t h  large surface areas 
f o r  heat t ransfer .  For loop construction, we have concentrated on the  use of 
hydraul ic f rac tu r i ng  t o  connect two v e r t i c a l l y  separated wellbores. 
Conceivably, i n  a deep sedimentary basin, the low-permeabil ity HDR therm- 
a l  reservo i r  might be a massive body o f  shale o r  dolomite o r  limestone, o r  
even an i n i t i a l l y  permeable formation t i g h t l y  sealed by a l t e r a t i o n  products o r  
mineral deposition. However, the b e t t e r  choice i n  general has seemed t o  us t o  
be the c r y s t a l l i n e  basement. Once t h i s  has been penetrated t o  a s u f f i c i e n t  
depth t o  reach a u s e f u l l y  high temperature and desirably low permeabil i ty, one 
i s  reasonably assured t h a t  the thermal reservo i r  i s  large both h o r i z o n t a l l y  
and v e r t i c a l l y  -- w i t h  the advantage t h a t  i f  a higher temperature i s  required, 
one need only d r i l l  a l i t t l e  deeper. 
For some reason t h a t  I do not understand, a mystique has developed that  
i t  i s  somehow more d i f f i c u l t  t o  locate and characterize an HDR thermal reser- 
v o i r  than a hydrothermal reservoir .  As a nonexpert i n  geothermal explorat ion, 
i t  seems t o  me t h a t  the opposite must be true. It appears t h a t  i t  should 
c e r t a i n l y  be easier t o  demonstrate the  absence o f  a hydrothermal reservo i r  
than t o  demonstrate i t s  presence. As I understand it, aZide from obvious 
surface manifestat ion, t he  p r inc ipa l  evidence f o r  existence o f  hot  water a t  I 
depth i s  low e l e c t r i c a l  r e s i s t i v i t y .  Since t h i s  may r e s u l t  from other causes 
than the presence o f  hot water (e.g., permeation by a highly s a l i n e  brine, 
mineral a l t e r a t i o n  t o  c lays o r  zeol i tes,  a 'layer o f  shale, o r  a mineral 
deposi t )  i t  i s  not d e f i n i t i v e ,  and a .shocking proport ion o f  dry holes has . 
resul ted from d r i l l i n g  where the experts predicted the presence of hydro- 
thermal reservoi rs. 
I n  explor ing for  hot  dry rock, the obvious f i r s t  approach i s  simply t o  
locate those hot dry  holes (which o f  course we have already done, so f a r  as we 
could). I n  t h e i r  absence, o r  i f  they are found only i n  areas already leased, 
one should probably reso r t  t o  f a i r l y  conventional explorat ion techniques bu t  
avoid areas where there are h i  gh-conducti v i  t y  anomalies a t  depth. Conceivably 
th is  could u l t i m a t e l y  r e s u l t  i n  d r i l l i n g  i n t o  a steam f i e l d  (which would b e - a  
s c i e n t i f i c  but  not a f i nanc ia l  d isaster) ,  and t h i s  const ra in t  may be over ly  
conservative since i t  would el iminate from consideration areas where the  
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anomaly represented something other than hot water. However, there appear t o  
be enough r e a l l y  good HDR areas so t h a t  we can a f f o r d  t o  pass up the doubtful 
ones . 
If the energy system i s  t o  be developed by hydraul ic f r a c t u r i n g  and 
operated as a r e c i r c u l a t i n g  pressurized-water loop, it i s  desirable t h a t  i t  be 
constructed i n  a large, shallow body o f  hot rock w i t h  very low matr ix  and 
f rac tu re  permeabil i ty. The l a t e r a l  extent o f  the area should be not l ess  than 
several square kilometers, t o  provide f o r  construct ion o f  a group o f  p a r a l l e l  
systems. (This can o f  course be put i n  terms o f  an i nves t i ga t i on  of t he  
nature of t he  heat source.) To avoid extending the f r a c t u r e  system t o  the 
surface o r  t o  over ly ing permeable formations, i t  i s  important t h a t  the top  of 
the f ractures be not l ess  than a few hundred meters below the top o f  t he  
reservo i r  formation. Otherwise, the shallower the bet ter ,  p r i m a r i l y  t o  
minimize d r i l l i n g  costs but a lso t o  reduce overburden stress and pumping 
pressures required t o  create and extend hydraul ic fractures. 
I n  our present s ta te  o f  knowledge, we bel ieve t h a t  the most des i rab le 
type o f  reservo i r  formation i s  the c r y s t a l l i n e  basement, whether volcanic, 
p lu ton ic ,  or-metamorphic. Since we would l i k e  t o  reach a high temperature a t  
shallow t o  moderate depth, a high conductive geothermal gradient, pe rs i s ten t  
w i t h  depth, i s  obviously desirable. Because c r y s t a l l i n e  rocks are r e l a t i v e l y  
good thermal conductors, t h i s  i s  favored by the presence o f  a few hundred 
meters of poor ly conductive sediments o r  volcanics above the basement -- so 
long as there i s  no s i g n i f i c a n t  cool ing by ac t i ve  ground-water c i r cu la t i on .  
(If you prefer,  t h i s  can be put i n  terms o f  conductive and convective heat 
t ransport ,  and i n t e r n a l  heat generation may also be important.) For pre- 
d i c t a b i l i t y  o f  f r a c t u r i n g  behavior, i t  would be useful  i f  the reservo i r  
formation were reasonably uniform and i so t rop i c ,  and very he lp fu l  i f  the  
stress condi t ion a t  depth were known. Natural f r a c t u r e  systems are t o  be 
avoided, because o f  the dangers o f  excessive leakage from the  pressurized- 
water loop and o f  t r i g g e r i n g  earthquakes by i n j e c t i n g  a pressurized f l u i d .  
A l l  o f  t h i s  requires (1) a carefu l  temperature-gradient (or  heat flow) study; 
(2) de ta i l ed  geological, hydrological,  and geophysical i nves t i ga t i on  o f  the 
area; (3)  i d e n t i f i c a t i o n  o f  any cu r ren t l y  o r  recent ly  a c t i v e  f a u l t s ;  and (4) 
review o f  the seismic h i s t o r y  o f  the area. 
I n  the absence o f  an e x i s t i n g  deep hole, informat ion a t  t h i s  po in t  w i l l  
necessar i ly  be l i m i t e d  t o  t h a t  co l lected a t  the surface and from shallow 
20 
holes, and l i t t l e  w i l l  be known about hydrology a t  depth and basement rock 
structure.  The next step, therefore, should be t o  d r i l l  a s l i m  hole t h a t  
penetrates the basement rock by a t  l e a s t  a hundred meters and preferably more 
than that ,  and i s  l e f t  uncased i n  the basement section. That sect ion should 
if possible be cored continuously and the cores examined f o r  chemical, 
mineralogical,  physical,  and mechanical propert ies, a l t e red  zones, and sealed 
and unsealed fractures. The e n t i r e  hole should be logged f o r  temperature, and 
geophysical logs run i n  the uncased basement sect ion t o  learn as much as 
possible about the rock around the hole and i n  any uncored in terva ls .  The 
borehole wal l  should be examined with a te leviewer f o r  i n i t i a l  s t ruc tu re  and 
reexamined a f t e r  a ser ies o f  hydraul ic - f ractur ing and pressure-flow tests. BY 
d r i  1 1 -stem o r  other tests,  permeabi 1 i t y  should be determined 1 oca1 l y  wherever 
there are i nd i ca t i ons  o f  f l u i d  loss, unusually high d r i l l i n g  rates, or a l te red  
o r  f ractured zones. 
d r i l l i n g  a deep, f u l l - s i z e  hole i n  the wrong place. 
A l l  o f  t h i s  i s  expensive and t ime consuming, but much ess so than 
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HEAT FLOW - THE TECHNIQUE FOR HOT DRY ROCK EXPLORATION AND EVALUATION 
David D. Blackwell 
Department o f  Geological Sciences 
Southern Method1 s t  Uni v e r s i t y  
Dallas, TX 75275 
Heat Flow Techniques f o r  Hot Dry Rock Evaluation 
I n  i t s  ideal izat ion,  the hot dry rock (HDR) concept IIivolves l oca t i on  and 
e x p l o i t a t i o n  o f  an area where the rocks are a t  a h igh enough temperature and 
are impermeable enough t o  a l low a r t i f i c i a l  f r a c t u r i n g  and e x p l o i t a t i o n  o f  
water  c i r c u l a t e d  th rough  t h e  produced f r a c t u r e s .  T h i s  l o w - p e r m e a b i l i t y  
Set t ing i s  a lso ideal  f o r  heat f low measurements. Heat f low i s  determined as 
a product o f  the geothermal gradient times the thermal conduct iv i ty.  Geo- 
thermal gradients are obtained from measurements o f  temperature versus depth 
i n  a d r i l l  hole and the thermal conduct iv i ty  i s  measured on cu t t i ngs  o r  core 
samples from the hole. If thermal conduct iv i ty  i s  uniform, then the geo- 
thermal gradient and heat f low vary together. I n  most areas, however, t he re  
are s i g n i f i c a n t  l a t e r a l  and v e r t i c a l  var ia t ions i n  thermal conduct iv i ty  and 
thus gradient measurements over a 1 imi ted depth range w i  11 have 1 i t t l e  d i  r e c t  
usefulness f o r  HDR explorat ion as the gradients w i l l  vary w i t h i n  the borehole 
and l a t e r a l l y  due t o  changes i n  l i t ho logy .  
Recent attempts t o  compile regional gradient maps have had the ob jec t i ve  
of geothermal e v a l u a t i o n  bo th  f o r  hydrothermal resources ( G a f f a n t i  and 
Nathanson, 1980) and HDR resources (Kron and Heiken, 1980). The maps prepared 
by these two groups bear 1 i ttl e resemblance t o  one another, however (see 
Blackwell, 1981). The f u t i l i t y  o f  evaluation using t h i s  technique i s  c l e a r l y  
demonstrated by a hole i n  Kansas (Fig. A-1, from Blackwell and Steele, 1981). 
The heat f low i s  constant i n  t h i s  hole a t  1.4 cal/cm2 sec, y e t  the geothermal 
gradient var ies by a fac to r  of 4 (from approximately 15OC/km i n  the bottom o f  
the hole, t o  approximately 5O0C/km i n  the upper p a r t  o f  t he  hole). The var ia-  
t i o n  i s  so le l y  re la ted  t o  changes i n  thermal conduct iv i ty  so mere determina- 
t i o n  of a geothermal gradient over "some i n t e r v a l "  f o r  t h i s  l o c a l i t y  contains 
l i t t l e  useful information, e i t h e r  f o r  ext rapolat ion t o  depth o r  evaluat ion of 
the temperature a t  a spec i f i c  horizon. Another example i s  shown from Fig. 
A-2, a lso from Kansas. The i n t r i c a t e  c o r r e l a t i o n  o f  gradient w i t h  l i t h o l o g y  
i s  shown by a comparison o f  the gradient logs w i th  the gamma and sonic 
v e l o c i t y  logs. If informat ion i s  ava i l ab le  on the thermal conduc t i v i t y  
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Fig. A-1. 
Temperature-depth and gradient data f o r  Kansas hole 31S/20E-22 cac (B1 ackwell 
and Steele, 1981). 
of the geologic sect ion involved, then a s ing le gradient - and thermal conduc- 
t i v i t y  measurement and subsequent heat f low determination i n  a s ing le  i n t e r v a l  
i S  s u f f i c i e n t  for  ca l cu la t i on  of the geothermal gradient i n  the  remainder of 
the sect ion (assuming t h a t  the heat f low i s  constant). Without such heat f l ow  
information however, a s ing le measurement of temperature gradient i s  of l i t t l e  
use. Therefore heat flow studies rather  than gradient studies must be used i n  
the  HDR explorat ion. 
Other geophysical techniques are used f o r  geothermal explorat ion and eval- 
uation. For HDR, however, it i s  questionable i f  such techniques have general 
a p p l i c a b i l i t y .  As i s  the case with most explorat ion, the object  i n  the HDR 
explorat ion program would be t o  locate the highest temperature a t  the shallow- 
es t  depth i n  a given region. Temperature va r ia t i ons  a t  depths o f  2-5 km i n  
regions of low permeabi l i ty  are l i k e l y  t o  be v i r t u a l l y  indetectable by 
grav i ty ,  seismic, e l e c t r i c a l  r e s i s t i v i t y  o r  magnetic studies unless there i s  
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Fig. A-2. 
Bar graphs of gradient, P-wave veloci ty,  and natural  gamma-ray a c t i v i t y  and a 
generalized geologic section f o r  Kansas hole 13S/2W-32 ccc. 
for  example, the correspondence o f  h igh radioact ive areas (wi th  Consequent 
high heat flow) and low g rav i t y  anomalies as had been proposed f o r  the eastern 
United States (Costain e t  a1 , 1980) . Furthermore, most other geophysical 
techniques lose t h e i r  resolut ion i n  the depth range 0.5-3 km and thus may not 
be useful i n  determining the deep thermal condit ions (see Jiracek, 1981 for 
and evaluat ion program must emphasize heat example). So the HDR explorat ion 
f low techniques. 
The main d i f f i c u l t y  w i th  the appl icat ion o f  the heat f low technique i s  
t h a t  i n  areas of complicated hydr-logy, i t  may not be easy t o  determine what 
the t r u e  heat f low i s  a t  depth. An example o f  t h i s  s i t u a t i o n  occurs a t  the 
s i t e  of the current HDR exp lo i ta t i on  project .  Apparently hot water flow 
l a t e r a l l y  along the base of the Paleozoic sect ion has progressed outward from 
the  Valles Caldera. This causes the heat f low t o  be higher from the Paleozoic 
rocks, then from the basement. However, as discussed below, we have become 
much more p r o f i c i e n t  i n  recognizing locat ions f o r  water disturbances on heat 




recognize when problems e x i s t  and even t o  use the informat ion from problem 
areas t o  determine ce r ta in  quan t i t i es  o f  geologic in terest .  For example, 
analysis of temperature-depth curves from the  EE holes suggests t h a t  water 
f low outward from the Val les Caldera has been i n  existence f o r  a per iod o f  
about 10,000 years. The water f low i s  responsible f o r  the upper curvature 
observed i n  the gradients. 
Recent Advances i n  Heat Flow Studies i n  the United States 
Invest igat ions supported by the  Department o f  Energy (DOE)/ state-coup1 ed 
geothermal-direct-heat program have resul ted i n  c o l l e c t i o n  o f  extensive new 
heat f l ow  data i n  the past three years. A small p a r t  o f  t h i s  da ta  base i s  
discussed by Sass e t  al., (1981) and many hundreds more data points  w i l l  be 
published i n  the next year o r  two as these pro jects  are completed. As a 
r e s u l t  we have made major advances i n  our understanding o f  the regional 
va r ia t i ons  o f  heat f l ow  and contro ls  on subsurface temperatures, a l l  of which 
a r e  s i g n i f i c a n t  t o  HDR e v a l u a t i o n  and e x p l o r a t i o n .  A t  t h i s  p o i n t ,  
r e g i o n a l i t a t i o n  o f  heat f low and temperature i s  f a i r l y  w e l l  understood a t  a 
scale of 10-100 km. Also, i n  most areas there are now deep enough holes for  
evaluat ion o f  t he  heat flow, and subsequent gradient, var ia t ions w i t h  depth. 
I n  general, most o f  the i n te rp re ta t i ons  o f  the shallow heat f low data are 
borne out bu t  the deeper holes al low a more complete analysis o f  the impact of 
such var iables as regional water f low on the deeper thermal conditions. 
Important changes i n  our reglonal understanding with s p e c i f i c  reference 
t o  HDR have been the discovery o f  a very large area o f  h igh temperature and 
low permeabi l i ty  i n  the  Oregon Cascade range. I n  t h i s  area, a region a t  l e a s t  
150 km long and 30 km wide has a mean temperature gradient o f  60°C/km, which 
i s  as high as gradients t y p i c a l l y  associated w i t h  igneous systems. The imper- 
meab i l i t y  o f  much o f  t h i s  province suggests t h a t  i t  may be a prime ta rge t  f o r  
HDR explo i ta t ion.  Furthermore, i t  a lso appears t h a t  l a rge  areas o f  the Mid- 
cont inent have much higher temperatures a t  depth than ant ic ipated, even though 
heat f l ow  values are q u i t e  modest. Pa r t i cu la r l y ,  studies have shown tempera- 
tures a t  the basement surface of 8OoC and possible temperatures o f  15OOC a t  
depths as shallow as 4 o r  5 km over large areas o f  Nebraska and possibly 
Colorado, North and South Dakota (Gosnold and Eversol l  , 1981). Also, we now 
understand t h a t  there are large conductive haloes surrounding a l l  the h i g b  
temperature hydrothermal systems, whether igneous re1 ated o r  not . Thi s ha1 o 
occurs because the c i r c u l a t i o n  i n  the geothermal system can be very e f f e c t i v e  
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a t  heating up the rocks surrounding the system. These areas are prime ta rge ts  
f o r  the  development o f  HDR geothermal energy because h igh temperatures occur 
a t  qu i te  shallow depths. As more and more geothermal systems are discovered 
and evaluated, addi t ional  HDR regions w i l l  be discovered as we’ll. 
Summary 
Heat flow rather  than geothermal gradient must be used i n  HDR evaluation. 
Heat f low techniques are the  most cost  e f f e c t i v e  technique f o r  explor ing fo r  
HDR because of the spec i f i c  nature of the technique, because o f  the  extensive 
data base avai lable,  and because of the  understanding o f  the  cont ro ls  on heat 
f low var iat ions.  Much new data has been developed through the  DOE hydro- 
thermal explorat ion programs and most o f  t h i s  data i s  d i r e c t l y  appl icable t o  
the  HDR program. Several la rge  new areas o f  po ten t ia l  importance f o r  HDR 
exp lo i t a t i on  have been located. Many new l o c a l  geothermal systems have been 
d r i l l e d  t h a t  may be su i tab le  f o r  HDR exp lo i t a t i on  as the  technique i s  
devel oped . 
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GEOTHERMAL ENERGY I N  THE EASTERN UNITED STATES: THE RADIOGENIC MODEL 
John K. Costain and Lynn Glover, I11 
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V i r g i n i a  Polytechnic I n s t i t u t e  and State Un ive rs i t y  
Blacksburg, VA 24061 
The geothermal energy resource i n  the eastern United States i s  p r i m a r i l y  
a l iquid-dominated, low-temperature system. Systematic e f f o r t s  t o  estimate 
the  geothermal resources o f  the e n t i r e  United States have been made by t h e  
U.S. Geological Survey (White and Williams, 1975; Muff ler ,  1979; Sammel, 1979; 
Muffler and Cataldi , 1979). 
The major factors  t h a t  r e s u l t  i n  geothermal anomalies i n  the eastern 
United States are d i f f e r e n t  than those i n  the West. For example, heat from 
radioact ive decay i s  more important i n  the East. I n  the eastern Uni ted 
States, known geothermal gradients are i n  the range o f  lo" t o  50°C/km. 
Gradients higher than 3O0C/km are considered t o  be anomalously high. The 
geothermal gradient, AT/&, i s  a funct ion o f  - both conductive heat f low, q, and 
thermal conduct iv i ty,  K, because: 
High gradients w i l l  therefore be found where the l oca l  heat f low has a 
h igh value, and where the l oca l  thermal conduct iv i ty  o f  rocks i s  low. As 
discussed below, high heat f low i s  cha rac te r i s t i c  o f  unmetamorphosed granites; 
low thermal conduct iv i ty  i s  cha rac te r i s t i c  o f  sediments t h a t  blanket these 
granites. The e f f i c i e n t  t rans fe r  and use o f  geothermal energy always requires 
convective t ranspor t  o f  thermal energy by f l u ids .  I n  a l l  geothermal systems, 
the most desirable locat ions are those where the warmest f l u i d s  can be 
extracted from the shallowest depths. These locat ions are usually, but not 
always, coincident with regions where the  conductive heat f l ow  i s  highest. 
B i r ch  e t  a l .  (1968), Lachenbruch (1968), and Roy e t  a l .  (1968) showed 
t h a t  the l o c a l  heat f low i n  the eastern United States i s  re la ted  t o  the  
concentrat ion o f  uranium and thorium i n  surface rocks (mostly grani te) .  
Costain and Glover (1980) found a s im i la r  re la t i onsh ip  i n  the southeastern 
United States. Isotopes o f  uranium (U), thorium (Th), and potassium occur i n  
su f f i c i en t  abundance and have h a l f - l i v e s  s u f f i c i e n t l y  long t o  be important f o r  
heat generation from radioact ive decay (Birch, 1954). Decay o f  a uranium atom 
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produces about four times as much heat as the decay o f  thorium atom; however, 
Th/U r a t i o s  i n  many grani te  rocks are about equal t o  four  so t h a t  thorium i s  
usual ly  as important as uranium. The heat generated from uranium and thorium 
i n  t y p i c a l  grani tes i s  about 85-90% o f  the t o t a l ;  heat from potassium decay i s  
cons.iderably less important, about lO-lSX The immediate imp1 i c a t i o n  o f  t h i s  
i s  t h a t  the d i s t r i b u t i o n  o f  uranium and thorium i n  the upper 10 t o  15 km o f  
the ear th 's  c rus t  i s  p r i m a r i l y  responsible f o r  the observed l a t e r a l  va r ia t i ons  
i n  surface heat f low i n  the eastern United States. 
Unmetamorphosed grani te  p l  utons and ba tho l i  t hs  re1 a t i  vely enriched i n  
uranium and thorium are exposed i n  the Piedmont Province (Fig. A-3). These 
Piedmont rocks are concealed t o  the southeast by a seaward-thickening wedge o f  
A t l a n t i c  Coastal P l a i n  sediments. S imi lar  grani to ids occur i n  these concealed 
Piedmont rocks, which are the basement beneath the A t l a n t i c  Coastal Plain. 
Geothermal resources i n  the Appalachian Mountain System and the A t l a n t i c  
Coastal P l a i n  may be grouped i n t o  (I) water-saturated sediments o f  low thermal 
conduct iv i ty  over ly ing radioact ive heat-producing granites, (11) areas o f  
normal geothermal gradient , ( I I I ) hot and warm springs emanating from f a u l t -  
f r a c t u r e  zones as a r e s u l t  o f  leakage from greater depths, ( I V )  hot  dry rock, 
especia l ly  rad ioact ive grani tes beneath sediments o f  low thermal conduct iv i ty.  
Resource I (Fig. A-4) i s  re fe r red  t o  as the "radiogenic model" (Costain 
e t  al., 1980) and has been the p r inc ipa l  ob ject ive o f  the geothermal program 
a t  V i r g i n i a  Polytechnic I n s t i t u t e  and State Univers i ty  (VPIaSU). Temperature 
gradients are high i n  areas where the resource i s  found because heat-producing 
g ran i te  basement rocks are blanketed w i t h  a t h i c k  sequence o f  sediments of 
r e l a t i v e l y  low thermal COndUCtiVity (Fig. A-5). Large volumes o f  grani te  wi th  
low concentrations o f  uranium and thorium w i l l  increase the  subsurface tempera- 
t u r e  substant ia l ly ,  and r e l a t i v e l y  higher temperatures w i l l  be found a t  
shallow depths w i t h i n  sediments t h a t  o v e r l i e  such bodies, as ind icated i n  Fig. 
A-5. An understanding o f  the d i s t r i b u t i o n  o f  grani tes and o f  uranium and 
thorium i n  the basement rock i s  therefore important i n  order t o  def ine 
locat ions where the  highest temperatures occur a t  the shallowest depths. 
Optimum s i t e s  f o r  the development o f  geothermal energy i n  the eastern 
United States probably w i  11 be associated with the f 1 at-1 y i  ng , re1 a t i  vely un- 
consol idated sediments t h a t  under l ie  the A t l a n t i c  Coastal Plain. These 










Late Paleozoic syn- and post-Metamorphic grani tes  i n  the  southeastern 
United States .  
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Fig. A-4. 
Radiogenic model . 
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po ten t ia l  aqui fers w i t h i n  the sandy, deeper par ts  o f  the sedimentary sect ion 
t h a t  probably contain large quan t i t i es  o f  hot water. 
Resource I 1  i s  widely avai lab le throughout much o f  the United States 
(Sammel, 1979). The e n t i r e  A t l a n t i c  Coastal P l a i n  would f a l l  i n t o  t h i s  
resource category. West o f  the Blue Ridge, t h i c k  sequences o f  Paleozoic 
sediments blanket c r y s t a l  1 i n e  basement rocks o f  unknown heat generation. I n  
such areas, t h i c k  shales w i l l  r e s u l t  i n  higher geothermal gradients than 
carbonate rocks o r  sandstones, even where the heat f low i s  normal. As noted 
by Sammel (1979), the low-temperature geothermal waters o f  the centra l  and 
e a s t e r n  U n i t e d  S ta tes  a r e  known o r  i n f e r r e d  t o  be extens ive.  T h e i r  
u t i l i z a t i o n  i s  dependent upon i d e n t i f i c a t i o n  o f  locat ions where condi t ions f o r  
recovery are economically favorable. 
Resource I11 i s  found i n  the northwestern p a r t  o f  V i r g i n i a  and adjacent 
par ts  o f  West V i rg in ia ,  where approximately 100 springs have temperatures 
ranging from 9" t o  41°C. The hot test  springs are i n  the Warm Springs a n t i -  
c l i n e  i n  folded sedimentary rock o f  Paleozoic age i n  northwestern Vi rg in ia .  
A l l  o f  the warm springs i n  the va l l ey  are grouped near topographic gaps 
apparently associated w i t h  v e r t i c a l  transverse f rac tu re  zones (1 inears)  t h a t  
cut  across adjacent f o lds  t o  the east and west (Geiser, 1976). Faul ts and/or 
j o i n t s  p lay an important r o l e  i n  the  l oca t i on  o f  t he  warm springs, because 
warm Springs are always near gaps t h a t  probably have developed along zones o f  
increased f rac tu re  o r  j o i n t  density. 
There i s  no known a s s o c i a t i o n  o f  w a r m  s p r i n g s  w i t h  heat-producing 
granites. The o r i g i n  o f  the warm springs i n  the Warm Springs A n t i c l i n e  i n  
northwestern V i r g i n i a  as proposed by Perry e t  al., (1979) i s  as follows. 
Meteoric water enters steeply dipping S i l u r i a n  quar tz i tes on the northwest 
l imb and permeates t o  depths s u f f i c i e n t  t o  heat t he  water i n  the  presence o f  
the normal geothermal gradient (about 10°C/km) near Hot Springs, V i rg in ia .  
Ground-water f lowl ines near the surface and midway between the topographic 
gaps are approximately v e r t i c a l  (and p a r a l l e l  t o  bedding w i t h i n  the  steeply 
d i p p i n g  q u a r t z i t e s )  because o f  t h e  boundary c o n d i t i o n  imposed' by t h e  
topographic r e l i e f  between the gaps. A t  depth, the water moves h o r i z o n t a l l y  
and in te rsec ts  east/west trending, v e r t i c a l  , transverse f r a c t u r e  zones. The 
temperature o f  the water issu ing from springs located along t h e  transverse 
f r a c t u r e  zones depends upon the depth reached by the water, and on the degree 
o f  i t s  mixing w i th  cooler, shallower water. I m p l i c i t  i n  t he  model i s  t h e  
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important requirement t h a t  the aquifer have an uninterrupted v e r t i c a l  re1 i e f  
l a rge  enough t o  al low the  water t o  reach depths s u f f i c i e n t  t o  heat it. 
The water f low from B o i l e r  Spring (4OOC) a t  Hot Springs, V i rg in ia ,  i s  
86,220 gallons/day (Hobba e t  al., 1979). The f low a t  Bolar Spring (22OC), 
about 20 km northeast o f  Hot Springs, i s  about 3,000,000 gallonslday. Because 
the t o t a l  amount o f  heat released a t  t he  l a rge r  but cooler springs i s  much 
greater than t h a t  released a t  the smaller but warmer springs (Hobba and 
others, 1979, Table 3 ) ,  the geothermal po ten t i a l  o f  the larger,  cooler springs 
i s much higher. 
Los Alamos National Laboratory, the leader i n  the development of hot dry 
rock resources (Resource I V ) ,  p red i c t s  l a rge  such po ten t i a l  resources i n  t h e  
East. A t  any given depth, temperatures i n  hot dry rock i n  the East w i l l  be 
lower than those i n  the West. The range of temperatures t o  be expected i n  the  
East can be estimated from Fig. A-5. O f  p a r t i c u l a r  relevance t o  the develop- 
ment o f  a hot dry rock resource i n  the eastern United States i s  t he  physical 
s ign i f icance o f  the l i n e a r  r e l a t i o n  between heat f low and heat generation. If 
the slope, D, o f  the l i n e a r  r e l a t i o n  i s  d i r e c t l y  and simply re la ted  t o  a t h i c k -  
ness parameter (Costain and Glover, 1980), then thickness o f  g ran i te  and 
p red ic t i on  o f  subsurface temperature i n  a hot dry rock environment can be made 
with a h igh degree of confidence. The v a l i d i t y  o f  t h i s  i n t e r p r e t a t i o n  o f  t he  
meaning o f  D could be constrained by r e f l e c t i o n  seismic data. 
Several kinds of geophysical data have been used by us i n  our ta rge t i ng  
strategy, the most important o f  which are heat f low determinations used t o  
confirm coincidence o f  h igh heat f low and low thermal conduct iv i ty;  these are 
the  cha rac te r i s t i cs  o f  the radiogenic model. We have a lso made extensive use 
o f  g r a v i t y  data i n  our ta rge t i ng  strategy. Because g ran i te  usual ly  i s  l ess  
dense than t h e  country rocks i n t o  which i t  has been emplaced, g ran i te  occur- 
rences are commonly revealed by negative Bouguer g r a v i t y  anomal ies. 
One of the p r i n c i p a l  object ives o f  the geothermal program a t  VPI&SU has 
been t o  locate and study uranium- and thorium-bearing heat-producing grani tes 
i n  t h e  Piedmont (Speer and others, 1980), and t o  p r e d i c t  he occurrence of 
such g r a n i t e s  beneath t h e  wedge-shaped body o f  c h i e f l y  unconso l i da ted  
sediments beneath the  A t l a n t i c  Coastal Plain. Thickness can reach 3 km. 
During 1978-79, 49 holes w e r e - d r i l l e d  t o  a depth o f  approximately 300 m (1000 
ft) on t h e  A t l a n t i c  Coastal P la in  from New Jersey t o  North Carol ina t o  
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determine heat flow. Results from the  Coastal P la in  have been summarized by 
Lambiase e t  a1 . (1980). 
The Portsmouth, V i rg in ia ,  g rav i t y  anomaly (Fig. A-6) i s  an excel lent  
example of a negative g rav i t y  anomaly over a confirmed (by d r i l l i n g )  concealed 
heat-producing gran i te  beneath 600 m o f  sediments. The geothermal gradient i n  
the  hole over the  g rav i t y  anomaly i s  about 4Z0C/km; the  gradient i s  27"C/km i n  
a hole d r i l l e d  nearby (12 km) but o f f  the  anomaly i n  the  same sequence o f  sedi- 
ments. The heat f low over the  gran i te  i s  about 79 mW/m . This i s  exce l len t  2 
conf i rmat ion o f  the  radiogenic p lu ton model . 
One promising area fo r  geothermal development discovered t o  date i n  the  
northern A t l a n t i c  Coastal P la in  i s  on the  Eastern Shore between C r i s f i e l d  i n  
southern Maryland and Oak Ha l l  i n  northern Vi rg in ia .  A deep hole was d r i l l e d  
a t  C r i s f i e ld ,  Maryland, because o f  the  known high geothermal gradients there 
and the  moderate depth-to-basement. Upon completion on the  C r i s f i e l d  wel l ,  i t  
was discovered t h a t  the  "basement" seismic r e f l e c t o r  marked the  top  o f  a 
poor ly known 75-m-thick ( l o c a l l y )  indurated, high ve loc i t y  sect ion o f  Coastal 
P la in  sediments, and t h a t  c r y s t a l l i n e  basement was a t  the  base o f  t h i s  
indurated sequence a t  a depth of 1.36 km. Temperature a t  the  top o f  Crysta l -  
l i n e  basement was found t o  be approximately 58°C. The temperature predicted 
a t  the  base o f  the  Coastal P la in  sediments a t  C r i s f i e l d  was about 16% less  
than the  measured temperature because o f  the uncer ta in ty  i n  est imat ing the  
thermal conduct iv i ty  o f  Coastal P la in  sediments i n  the  lower 78% of t he  
sedimentary sequence. 
Three zones i n  the  C r i s f i e l d  hole were pump tested. Zone No. 1 was 
perforated between 1262 m and 1285 m. The temperature o f  the  water f low ing  
from the  perforated zone was 57.2OC. Water pumped from Zone No. 2 (1187-1227 
m) f o r  48 hours a t  an average r a t e  of 119 gpm produced a head drawdown o f  84 
m. The temperature o f  water a t  the  leve l  o f  per fo ra t ion  was 56°C and a t  the  
surface the  discharge temperature was 51'C. Zone No. 3 (1155-1170 m) produced 
an averaged discharge o f  32 gpm f o r  36 hours, r e s u l t i n g  i n  a s t a t i c  drawdown 
o f  30 m. Downhole water  temperature was 54°C and s u r f a c e  d i scha rge  
temperature reached 35°C. 
L imi ted hydrologic and heat f low data now ava i lab le  make i t  poss ib le  t o  
estimate the  thermal 1 i f e t ime  o f  a geothermal resource ( the radiogenic model ) 
beneath the  A t l a n t i c  Coastal Plain. Laczniak (1980) modeled the  response o f  a 




Map showing locat ions o f  seismic data i n  V i rg in ia  (Smith Point  and Portsmouth). 
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t he  in tegrated f i n i t e - d i f f e r e n c e  method. The model was run f o r  a simulated 
per iod o f  15 years o r  u n t i l  steady-state thermal and f l u i d  f low was reached. 
A doublet system (dipole) w i t h  d i r e c t  i n j e c t i o n  back i n t o  the reservo i r  was 
shown t o  be a feas ib le  method o f  ex t rac t i ng  heat from the  low-temperature, 
l iquid-dominated geothermal systems of the A t l a n t i c  Coastal Plain. 
Important conclusions o f  Laczniak's study were: a) d i r e c t  i n j e c t i o n  back 
i n t o  the reservo i r  may be necessary t o  maintain s u f f i c i e n t  f l u i d  pressure a t  
the production wel l  f o r  systems w i t h  a low permeabil i ty; b) temperature d i s -  
t r i b u t i o n  w i t h i n  the system i s  only s l i g h t l y  a f fected by changes i n  perme- 
a b i l i t y  i n  the range 10-100 md (m i l l i da rc ies ) ;  c )  r e s t i n g  the system fo r  
periods of 6 months does not r e s u l t  i n  a s i g n i f i c a n t  recovery; d) a doublet 
system with thermal and hydrologic condi t ions s i m i l a r  t o  those encountered a t  
Cr is f ie ld ,  Maryland, a wel l  spacing o f  1000 m, a permeabi l i ty  o f  100 md, and a 
pumping-injection stress of 500 gpm ( i n j e c t i o n  temperature 44OC) could produce 
5.5 m i l l i o n  Btu's per hour over a per iod greater than 15 years. 
I n  conclusion, geothermal energy may be an important resource f o r  t h e  
eastern United States. Three resource types ( the  radiogenic model, normal 
geothermal gradient resources, and hot springs) appear t o  be favorable fo r  
immediate development. Predict ions about the thermal longevi ty  o f  the eastern 
geothermal resource are favorable. 
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MAGNETOTELLURICS APPLIED TO HOT DRY ROCK GEOTHERMAL EXPLORATION 
I N  ARIZONA AND NEW MEXICO 
Mark E. Ander 
Earth and Space Sciences D iv i s ion  
Los A1 amos National Laboratory 
Los Alamos, NM 87545 
SUMMARY 
Magnetotel l u r i c s  (MT) i s  an e l e c t r i c a l  geophysical prospecting technique 
f i r s t  developed i n  1952 and used p r i m a r i l y  i n  minerals, geothermal, and 011 
explorat ion. The technique has a lso been used t o  a much more l i m i t e d  extent 
i n  s o l i d  ear th  geophysical invest igat ions o f  the c rus t  and upper mantle. 
T rad i t i ona l l y ,  the MT technique has been plagued w i t h  many d i f f i c u l t  technical  
problems i n  a l l  aspects o f  the technique: experiment design, f i e l d  proce- 
dures, data acquis i t ion,  data reduction and analysis, and data in terpretat ion.  
Recently the MT technique has undergone a revolut ion i n  which most o f  the 
major d i f f i c u l t i e s  have been overcome. This revolut ion i s  s t i l l  going on, and 
today we are capable o f  c o l l e c t i n g  excel lent  q u a l i t y  MT ear th  response func- 
t ions.  The t h r u s t  o f  MT research now l i e s  i n  the  realm o f  data i n te rp re ta t i on .  
During the past three years, Los Alamos National Laboratory has conducted 
a regional MT survey o f  Arizona and New Mexico f o r  t he  Hot Dry Rock (HDR) 
Geothermal Program. The survey consists o f  over 200 deep MT soundings along 
several long p r o f i l e s  w i th  sounding spacings of 15 t o  20 km (Fig. A-7). The 
MT l i n e s  are located i n  areas where other geophysical and geologic studies 
i nd i ca te  l oca l  and regional areas o f  tecton ic  and geothermal i n te res t ,  hot  d r y  
rock i n  pa r t i cu la r ,  such as tec ton i c  province boundaries o r  l a t e  Cenozoic 
volcanic regions. The MT study i s  aimed a t  mapping the depth t o  the pervasive 
deep e l e c t r i c a l  conductor w i t h i n  the crust  and/or upper mantle over a l a rge  
region and then attempting t o  co r re la te  t h i s  depth w i t h  t e r r e s t r i a l  heat flow, 
depth-to-Curie po in t  measurements , regional tecton ics and loca l  geology. To 
date, a l l  data have been co l lected and processed and are i n  the modeling and 
i n t e r p r e t a t i o n  stage. With the exception o f  the f i r s t  56 s i tes,  data from a l l  
the remaining s i t e s  have been co l l ec ted  using the  remote reference MT noise 
reduction technique. 
The locat ions of the MT p r o f i l e s  f o r  t h i s  study (Fig. A-7) and some of 
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Fig. A-7. 
Map showing loca t ions  o f  magnetotel lur ic p r o f i l e s  i n  Arizona and New Mexico. 
1. A n o r t h s o u t h  l i n e  w i t h  17 s i t e s  runs from Yuma i n  southwest Arizona 
t o  Seligman, Arizona, concentrating on the  Aquarius and Castle Dome HDR geo- 
thermal prospects and t ravers ing  the Colorado Plateau/Basin and Range Province 
boundary. The Castle Dome area coincides w i t h  a l a rge  amplitude g rav i t y  low 
and w i t h  a 70"C/km temperature gradient measured i n  the center. A caldera, 
no t  ind ica ted  on the  published geologic maps, occurs i n  the same area. Analy- 
s i s  of the MT data suggests the presence o f  magma a t  shallow depths. The 
Aquarius area i s  associated w i t h  h igh heat f low, shallow Curie depth, a 
g r a v i t y  low, and i s  associated w i t h  a shallow depth t o  the c rus ta l  e l e c t r i c a l  
conductive zone. The Date Creek basin, j u s t  south o f  the Aquarius area, i s  
a lso  associated w i th  a shallow c rus ta l  conductor, no t  as shallow o r  as con- 
duct ive as the Aquarius anomaly. The observations are very e x c i t i n g  because 
they appear t o  co r re la te  w i t h  a very recent migrat ion o f  the Colorado Plateau 
boundary from the  Date Creek basin t o  the Aquarius region suggested i n  a study 
being conducted by the U.S. Geological Survey (USGS) 
2. There are 25 s i t e s  along a n o r t b  south p r o f i l e  i n  cent ra l  Arizona 
from Tucson northward through Phoenix t o  F1 agstaf f ,  t ravers ing  the  Colorado 
Plateau/Basin and Range boundary. The area around Tucson has h igh heat flow, 
greater than 104 mM/m2. Chemical geothermometry measurements a1 so i nd i ca te  
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heat flow greater than 104 mU/m2 t o  the northeast of Phoenix. There are geo- 
thermal gradients greater than 36"C/km t o  the southeast o f  Phoenix. Prelim- 
i na ry  observations o f  the MT data i nd i ca te  t h a t  a l t e r n a t e l y  conductive and 
r e s i s t i v e  layers e x i s t  w i t h i n  the c rus t  between Phoenix and Tucson. This 
observation i s  i n t r i g u i n g  because extensive geophysical surveys performed by 
O i l  companies a t  about the same t ime as our data were co l l ec ted  show t h a t  t he  
western Laramide overthrust  passes through t h i s  region. Further analysis of 
the data has proven d i f f i c u l t  because o f  large three-dimensional e f f e c t s  and 
the large MT s i t e  spacing. North o f  Phoenix, a very shallow, very conductive 
c rus ta l  anomaly i s  associated w i th  the r i m  o f  the Colorado Plateau. This 
observation, coupled wi th the  MT observation i n  the Aquarius area and geo- 
physical i n te rp re ta t i ons  across the Colorado Plateau boundary i n  Utah, provide 
important const ra in ts  on the genesis o f  the Colorado Plateau. These data Sets 
suggest t h a t  the Colorado Plateau boundary i s  associated with a passive r i f t  
system t h a t  would impede the propagation o f  stress across the boundary. Such 
a passive rift system was hypothesized by Eaton. I f  the r i f t  system ex is ts ,  
i t  w i l l  provide an important const ra in t  on our models f o r  formation of t h e  
Colorado Plateau and Rio Grande rift. 
3. Twenty-five s i t e s  are along a north-south l i n e  s t a r t i n g  i n  the  
Chiracahua Mountains i n  southeast  Ar izona pass ing th rough  t h e  t h e r m a l l y  
anomalous Safford-Cl i f ton region, through the Datil-Mogollon volcanics, over 
the Colorddo Plateau boundary, across the northeast-trending Jemez volcanic 
zone a t  Spr ingerv i l le ,  and then t o  Sanders, Arizona. The Jemez volcanic zone 
i s  i n te rp re ted  t o  pass through Spr ingerv i l le ,  Mount Taylor, and the  Val les 
Caldera. These data have not y e t  been studied. 
4. An east-west l i n e  consis t ing o f  10 s i t e s  runs from St.  Johns, 
Arizona, crossing the Jemez zone and the Pla ins o f  San Augustin t o  Magdalena, 
New Mexico, where i t  connects w i th  an MT study o f  t he  Rio Grande r i f t  con- 
ducted by J i racek and others. Analysjs indicates t h a t  the Jemez zone i s  
associated w i t h  a shallow conductor suggesting magma a t  depth and t h a t  t he  
Plains of San Augustin may also be associated w i th  magma i n  the mid-crust. 
Unl ike other conductive anomalies observed i n  t h i s  study, t h e  anomaly beneath 
the Pla ins of San Augustin does not co r re la te  w i th  surface heat f low measure- 
ments. Elston suggests t h a t  t he  San Augustin basin i s  a b i f u r c a t i o n  o f  t he  




magma chamber s i m i l a r  t o  the one recent ly  discovered i n  the Albuquerque-Belen 
basin could account for  the discrepancy i n  the two data sets. 
The longest MT p r o f i l e  consists o f  36 s i t e s  from Torreon, New Mexico, 
t o  Kingman i n  western Arizona, t ravers ing the Rio Grande rift and the Jemez 
zone, passing through Flagstaf f ,  Arizona, and the Aquarius region. This 
p r o f i l e  passes through the Zuni HDR prospect where a deta i led MT/AMT survey 
consis t ing o f  119 A M I  s ta t ions and 25 MT s ta t i ons  has been completed. Results 
i nd i ca te  t h a t  the Jemez zone i s  a s t ruc tu ra l  f law associated w i t h  magma con- 
d u i t s  t h a t  penetrate the e n t i r e  thickness o f  the l ithosphere. Observations of 
the"data from the long p r o f i l e  i nd i ca te  (a) t h a t  the MT soundings have sensed 
a magma body beneath the  San Francisco Peaks area near F lagstaf f ,  and (b) t h a t  
the depth t o  the deep e l e c t r i c a l  conductor along the p r o f i l e  corre la tes w i t h  
surface heat flow, the thickness o f  t he  l i thosphere, and an inverse cor- 
5. 
r e l a t i o n  has been noted with Bouguer gravi ty.  
6. There are 15 s i t e s  along an east-west p r o f i l e  from Gallup t o  
Albuquerque, New Mexico, t h a t  passes over Mount Taylor, a volcanic f i e l d  of 
t h e  Jemez zone. Again, the data s t rongly  i nd i ca te  t h a t  t he  Jemez zone i s  asso- 
c ia ted  w i th  a shallow e l e c t r i c a l  conductor, probably caused by magma a t  depth. 
The observation from a l l  MT p r o f i l e s  across the  Jemet zone t h a t  the zone I S  
associated w i t h  a crusta l  f law penetrat ing the l i thosphere corre la tes with (a) 
pre l iminary r e s u l t s  of a te leseismic P-wave delay study t h a t  ind icates t h e  
zone i s  associated w i th  a low seismic v e l o c i t y  zone from 15 t o  140-km depth; 
(b) elevated heat f l ow  along the zone; and (c) the observation by numerous 
workers t h a t  the zone i s  associated w i t h  a Precambrian age boundary. Based on 
the MT data and extensive i n teg ra t i on  o f  other geophysical and geologic data, 
I suggested t h g t  the Colorado Plateau southeastern boundary i s  present ly 
coincident w i t h  the  Jemez Volcanic zone and t h a t  a recent migrat ion of t he  
Colorado Plateau boundary t o  the northwest has occurred. Other workers have 
since found s t ruc tu ra l  evidence t o  support these f indings. 
7. F ive s i t e s  have been occupied i n  southeast Arizona connecting two 
nonproprietary MT surveys consis t ing o f  40 s i t e s  occupied by Geotronics Corp., 
r e s u l t i n g  i n  a s t a t i o n  d i s t r i b u t i o n  t h a t  i s  a continuous east-west p r o f i l e  
from E l  Paso, Texas, t o  Tucson, Arizona, along t h e  32'N l a t i t ude .  These MT 
data have not been studied yet. 
8. This MT study in tegrates w i th  a te l l u r i c -magne to te l l u r i c  survey i n  
the  Jemez Mountains o f  northern New Mexico t o  characterize the  geothermal 
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system o f  the Val les Caldera and w i th  a regional northwest-trending MT survey. 
These surveys were conducted by Hermance f o r  t he  USGS and Los Alamos National 
Laboratory. 
Based on the  resu l t s  obtained so far, several general conclusions can be 
made. No s ing le  geophysical technique i s  a panacea f o r  geothermal explora- 
t ion ,  hot dry rock i n  par t i cu la r .  But, because MT i s  sens i t i ve  t o  the  c rus ta l  
state, i t  i s  an excel lent  explorat ion t o o l  when used i n  combination wi th  
geologic and other geophysical techniques. The depth o f  the  deep e l e c t r i c a l  
conductor obtained by the  MT method i n  general corre la tes with the  expected 
Crustal thermal regime as predicted by t e r r e s t r i a l  heat flow, depth t o  Curie, 
regional  tectonics,  and/or 1 oca1 geol ogy . I n  t h i  s study, mapped c rus ta l  
e l e c t r i c a l  c o n d u c t i v i t y  upwel l  i n g s  i n  o the rw ise  r e s i s t i v e  c r u s t a l  rock  
correspond with known o r  suspected thermal ly anomalous areas. These con- 
d u c t i v i t y  upwell ings f a l l  i n t o  two basic categories. The f i r s t  contains a 
r e s i s t i v e  cap rock (>lo00 - Qm) and appears t o  be associated w i t h  l o c a l  thermal 
features, e.g., Castle Dome anomaly. Because the  cap rock i s  res is t i ve ,  
suggesting impermeable upper crust ,  loca l  ground-water perco lat ion i s  not  a 
l i k e l y  mechanism f o r  creat ing the  h igh conduct iv i ty  anomaly. Such regions, 
when coincident w i th  other thermal ind ica tors  (e.g., l a t e  volcanic a c t i v i t y  
and high heat f low), may be good hot d ry  rock targets. The second type 
contains a moderately conductive cap rock (<lo0 Qm) and appears t o  be asso- 
c ia ted  w i th  zones of tec ton ic  extension, e.g., Colorado Plateau boundary. 
These regions are probably associated w i t h  deeply c i r c u l a t i n g  ground water 
t h a t  causes inc reased c o n d u c t i v i t y .  Because these  regimes a r e  usual  l y  
associated w i t h  elevated thermal regions, the  anomalously high e l e c t r i c a l  
conduct iv i ty  beneath the  more r e s i s t i v e  cap may be due t o  f ree  water i n  the  
presence o f  elevated temperature and/or p a r t i a l  melt. These regions may a150 
be important hot dry  rock resource areas, but  more care must be taken t o  
evaluate the  cause o f  the conductive anomalies. 
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INTERPRETATION OF MAGNETOTELLURIC 
SOUNDINGS FOR HOT DRY ROCK PROSPECTING 
George R. Jiracek 
San Diego State Univers i ty  
San Diego, CA 92182 
Department o f  Geol ogi ca l  Sciences 
E l e c t r i c a l l y  conduc t i ve  i n t r a c r u s t a l  zones have been d e t e c t e d  by 
magnetotel lur ic (MT) soundings i n  t e c t o n i c a l l y  ac t i ve  areas as wel l  as i n  
s tab le c rus ta l  environments throughout the world. Many researchers are 
convinced t h a t  the layers are due t o  c rus ta l  magma, p a r t i c u l a r l y  i n  a c t i v e  
regions. I f  t h i s  associat ion i s  val id,  the detect ion o f  such layers a t  
shallow depths would signal a source o f  heat t h a t  could produce a v iab le  hot  
dry rock target.  The successful analysis o f  magnetotel lur ic soundings i n  hot 
dry rock  e x p l o r a t i o n  must, however, cons ide r  o t h e r  p o s s i b l e  sources O f  
conductive zones i n  the ear th 's  crust. For example, pore water and thermal ly 
act ivated e lec t ron i c  sol  i d  - s ta te  semiconduction enhanced by c r y s t a l  - charged 
defects, impur i t ies ,  v o l a t i l e s ,  metamorphism, and d u c t i l e  f low mechanisms may 
be important . Also, purely geometrical e f f e c t s  can be mistaken f o r  conductive 
layers a t  depth. 
Two-dimensional model ing o f  r e c e n t  m a g n e t o t e l l u r i c  soundings i n  t h e  
centra l  Rio Grande r ift (Jiracek e t  al., 1982) has confirmed the existence of 
conductive zones a t  depths o f  10 km o r  less. Some soundings are located over 
a region where contemporaneous magma bodies are well-defined at shallow and 
intermediate c rus ta l  l eve l s  by seismic observations. Surpr is ingly,  however, 
the c rus t  i s  more conductive by a t  l eas t  an order o f  magnitude where the magma 
i s  - not detected compared t o  where i t  has been confirmed. To expla in  t h i s  
resu l t ,  i t  i s  f i r s t  suggested t h a t  a conductive horizon occurs i n  the  c r u s t  
where an impermeable, d u c t i l e  cap t raps pore f l u i d s  beneath. This concept o f  
the c rus t  fo l lows the geologic model presented by Eaton (1980) f o r  the Basin 
and Range province, therefore, i t  may have wide a p p l i c a b i l i t y  i n  the western 
United States. Fig. A-8 summarizes the model. 
Duc t i l e  f low mechanisms are thermal ly act ivated processes, which invo lve 
charged defects, l a t t i c e  dis locat ions,  o r  atomic d i f f us ion ,  a l l  o f  which 







Fig. A - 8 .  
In t e rp re t ive  model of possible basin and range ( o r  rift) s t ruc tu re  ( s impl i -  
f i ed ,  schematic, and not t o  scale). Crust is composed of th ree  layers .  L-1 is 
b r i t t l e ,  fault-fragmented surface l aye r  8-15 km t h i c k .  Base of L-1  general ly  
marks the maximum depth of earthquake foci. L-2 is d u c t i l e  intermediate 
layer ,  0-3 km thick. L-3 i s  the lower crust, 10-20 km t h i c k ,  composed o f  
basement rocks on top, grading downward from g r a n i t i c  t o  mafic i n  composition. 
The uppermost p a r t  of L-3 may contain high-pressure,  high-temperature pore 
f l u i d s  i n  a system capped by impermeable layer ,  L-2. L-4 is  the l i t hosphe r i c  
mantle, ultramafic i n  composition. Bleb-like bodies of r i s i n g  magma i n  L-4 
intrude the crustal layers  a s  dikes and si l ls  ( ind ica ted  by s o l i d  black).  
Ductile crustal layer ,  L-2, may mark the top of an e l e c t r i c a l l y  conductive 
zone, which extends i n t o  l aye r  L-3 when highly conductive pore f l u i d s  a r e  
trapped. Magma intrusion through the d u c t i l e  cap may release these pore 
f l u i d s  t h u s  reducing the overall conductivity of the sequence. Schematic 
diagram after Eaton, 1980. 
(L-2, Fig. A-8)  would, therefore, be perhaps an order of magnitude more con- 
duct ive (*loo's ohm-m) t h a n  the dry, b r i t t l e  crust above i t(L-1,  Fig. A-8) .  A 
zone of trapped pore f l u i d s  ( top  of L-3, Fig. A-8)  would be even more con- 
ductive by about another order of magnitude ( 4 0  ohm-m) . Mineral dehydration 
a t  grea te r  depth due t o  an enhanced thermal gradient  or magma injection could 
provide such f lu ids .  
If active magma injection destroyed the i n t e g r i t y  of the d u c t i l e  cap, 
trapped f 1 uids woul d escape resul ti ng i n  an overall decrease i n  conductivity . 
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The f i n a l  e l e c t r i c a l  signature w i t h  such a dynamic concept would depend on the 
thermal gradient, the r e l a t i v e  impermeabil ity o f  the cap, the extent o f  pore 
f l u i d s  beneath, and the amount (and frequency) o f  magma intrusion. The 
temporal and spa t ia l  d i s t r i b u t i o n  o f  earthquake foci  i n  the western United 
States supports the existence o f  a d u c t i l e  l aye r  a t  5 t o  1.5-km depth and the 
hypothesis o f  magma in jec t i on .  
The aforementioned c o n s i d e r a t i o n s  r e s u l t  i n  a more r e s i s t i v e  c r u s t  
despi te the presence o f  magma bodies; these bodies would have t o  be a minor 
const i tuent  of the crust ,  otherwise the e f f e c t s  o f  a h igh ly  conductive magma 
would dominate. 
The depth a t  which a d u c t i l e  zone would form i n  the  c rus t  i s  dependent on 
pressure, temperature, composition and tec ton i c  stress. Since temperature 
would l i k e l y  be the major var iab le i n  a given geologic province, t he  depth o f  
a conductive l aye r  caused by d u c t i l i t y  would provide a measure o f  the thermal 
gradient. So, even i f  crusta l  conductive zones are r e f l e c t i n g  the depth o f  
d u c t i l i t y  ra ther  than c rus ta l  melt, they may s t i l l  provide a very useful 
geothermal ind icator .  As previously mentioned, the  d u c t i l e  l aye r  would not be 
as conductive as a zone o f  high-pressure pore f l u i d s  o r  o f  a s ign i f i can t  
concentrat ion o f  magma. These l a t t e r  two p o s s i b i l i t i e s  Would not be separable 
by magnetotel lur ic data alone; however, MT r e s u l t s  combined w i t h  a c t i v e  and 
passive seismic re f l ec t i on  measurements such as those performed i n  the centra l  
Rio Grande r i f t  (Brown e t  al., 1980) should be diagnostic. 
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Magnetotell u r i c s  (MT) has found widespread app l ica t ion  i n  the  evaluat ion 
o f  geothermal resources. Taking advantage o f  the  po ten t ia l  a b i l i t y  both t o  
determine deep c rus ta l  proper t ies and t o  i d e n t i f y  and map shallow hot aquifers 
and f l u i d - f i l l e d  f a u l t  systems, MT has been used f o r  both regional  and 
prospect-speci f ic  explorat ion. 
Data acqu is i t ion  instrumentation and processing software have s tead i l y  
increased i n  sophis t icat ion and r e l i a b i l i t y .  As these aspects o f  MT mature, 
more emphasis i s  be ing  p laced on i n t e r p r e t a t i o n ,  i n  p a r t i c u l a r  on t h e  
complicating e f fec ts  o f  geologic s t ruc tu re  as exp lo ra t ion is ts  consider cases 
t h a t  depart from the  simple, plane-layered "Cagniard" earth. Since most, i f  
n o t  v i r t u a l l y  a l l ,  p r a c t i c a l  geothermal e x p l o r a t i o n  problems i n v o l v e  a 
geologic se t t i ng  t h a t  i s  a t  leas t  two-dimensional, the  concern t o  workers i n  
the  f i e l d  can be eas i l y  understood. 
This paper i s  an i n t e r i m  report ,  a "progress review" o f  one informal group 
a c t i v e l y  working on various aspects o f  MT i n te rp re ta t i on  i n  complex areas. 
The authors, representing an academic i n s t i t u t i o n ,  a geophysical cont ractor  
and an explorat ion group, b r i ng  t o  the  study a wealth o f  var ied experience i n  
both theore t ica l  and appl ied research. 
The object ives o f  the paper are three-fold.  F i r s t ,  the  authors wish t o  
share selected p r e l  i m i  nary observations w i th  co l  1 eagues equal l y  concerned with 
the  subject a t  hand, since it has become obvious t h a t  there are subt le  
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p i t f a l l s  i n  MT i n t e r p r e t a t i o n  await ing the unwary. Second, i t  i s  desired t o  
suggest approaches t o  MT survey planning t h a t  take i n t o  account po ten t i a l  
i n t e r p r e t i v e  problems. Last ly,  i t  i s  hoped t h a t  awareness o f  i n t e r p r e t i v e  
problems w i  11 1 ead t o  increased encouragement and support f o r  researchers i n  
the f i e l d .  
MT In terpretat ion,  An Overview 
Standard MT processing r e s u l t s  i n  the ca l cu la t i on  o f  two orthogonal 
apparent resistivity-vs-frequency curves a t  each recording locat ion.  If the  
ear th  i s  not plane layered, then the  two  curves w i l l  i n  general be d i f f e r e n t ,  
and be a l i g n e d  ( a t  l e a s t  i n  t h e  two-dimensional  case) p a r a l l e l  and 
perpendicular t o  s t r i ke .  The goal o f  an MT i n t e r p r e t a t i o n  i s  t o  c o r r e c t l y  
i d e n t i f y  the subsurface conf igurat ion t h a t  l e d  t o  the observed data. This I S  
accomplished through the comparison o f  f i e l d  data w i th  t h a t  obtained from 
model calculat ions,  and/or the d i r e c t  inversion o f  the f i e l d  data. The l a t t e r  
technique has become increas ing ly  popular, w i th  the recogni t ion t h a t  simple 
re1 at ionships e x i s t  whereby each o f  the apparent res1 s t i  v i  ty-vs-frequency 
curves can be inver ted t o  a continuous " i n t r i n s i c ' '  res is t iv i ty -vs-depth form. 
These single-curve inversions, however, assume for each curve t h a t  t he  ea r th  
i s  one-dimensional , thus  two d i f f e r e n t  r e s i s t i v i t y - d e p t h  curves may be 
computed a t  each locat ion.  The i n t e r p r e t e r ' s  j o b  a t  t h i s  p o i n t  i s  one of 
determining how, from the two avai lab le r e s i s t i v i t y - d e p t h  curves, t o  best 
approximate the actual res i s t i v i t y -dep th  relat ionship.  
For geothermal appl icat ions,  the p r inc ipa l  impl icat ions o f  the above are 
as fo l lows: F i r s t ,  for  regional studies i nves t i ga t i ng  the lower crust ,  t h e  
l oca t i on  of the deep conductor ( the presumably hot lower c r u s t )  i s  t he  desired 
target,  and the i n t e r p r e t a t i o n  o f  the lower frequencies, and a co r rec t  
invers ion o f  the low frequency data, i s  c r i t i c a l .  Second, when look ing for  
shallow, hot aqui fers an accurate i n t e r p r e t a t i o n  o f  the l oca t i on  and geometry 
of conductive anomalies i s  the desired resul t .  I n  both cases, i n  a non-one- 
dimensional s e t t i n g  i n t e r p r e t i v e  decisions must be made which, as w i l l  be 
shown, may have a c r i t i c a l  e f f e c t  on the outcome. 
Two-Dimensional Considerations 
I n  a one-dimensional s e t t i n g  w i t h  r e s u l t i n g  i s o t r o p i c  MT d a t a  t h e  
continuous invers ion i s  an excel lent  i n t e r p r e t i v e  t o o l  . I n  pa r t i cu la r ,  if 
crus ta l  parameters are slowly varying l a t e r a l l y  then the i n t e r p r e t a t i o n  of 
r e l a t i v e  depths can be accurate. I n  a two-dimensional set t ing,  however, t h e  
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two inversions ( o f  each o f  the two orthogonal apparent r e s i s t i v i t y  curves) 
W i l l  d i f f e r .  Study o f  a large number o f  two-dimensional model ca lcu lat ions 
and comparison w i th  f i e l d  r e s u l t s  i n  wel l -  understood geologic set t ings leads 
t o  the fo l lowing observations: 
1. The one " c o r r e c t "  apparent r e s i s t i v i t y  cu rve  and t h e  r e s u l t i n g  
inversion, i.e.,the data t h a t  would be observed and calculated if t h e  
st ra t igraphy d i r e c t l y  beneath the s i t e  i n  question extended i n d e f i n i t e l y  
i n  a l l  d i rect ions,  i n  general l i e s  somewhere between the extremes of t he  
two observed curves. It i s  important t o  note t h a t  t h i s  i s  not  
necessari ly a good assumption i n  the three-dimensional case. 
2. I n  some cases, such as the common geologic s e t t i n g  o f  shallow, l a t e r a l  
r e s i s t i v i t y  var ia t ions i n  otherwise plane-layered strat igraphy, one of 
t he  observed r e s i s t i v i t y  curves may be an excel lent  approximation t o  t h e  
"correct"  curve . 
3. I n  some cases, such as l a r g e - s c a l e  basin and range f a u l t i n g ,  t h e  
observed da ta  may be ex t reme ly  a n i s o t r o p i c  and n e i t h e r  cu rve  may 
approximate the "correct"  curve t o  w i t h i n  as much as an order o f  
magnitude, especial ly a t  the lower frequencies. 
4. I n  geologic se t t i ngs  r e s u l t i n g  i n  an isot rop ic  data, low -frequency 
cha rac te r i s t i cs  o f  one o r  both o f  the r e s i s t i v i t y  curves may be much 
more r e f l e c t i v e  o f  l a t e r a l  v a r i a t i o n s  than  v e r t i c a l  s t r a t i g r a p h y .  
Stated more strongly,  low frequencies do not  necessar i ly  equate t o t a l l y  
t o  deep penetration. 
5. When th in ,  h igh ly  conductive s t r a t a  are present, especia l ly  i f  these 
terminate, then an accurate determination o f  depth and extent of t h e  
conductor may be d i f f i c u l t ,  especia l ly  i f  the data are noisy. 
6. A q u a l i t a t i v e  i n t e r p r e t a t i o n  o f  widely spaced MT s i t e s  i s  almost always 
possible even if the data are anisotropic,  given a knowledge o f  the 
regional geologic framework, the topography and surface geology i n  t h e  
v i c i n i t y  of the s i t e .  The quan t i t a t i ve  i n t e r p r e t a t i o n  o f  an isot rop ic  MT 
data becomes credi  b l e  as data becomes avai 1 ab1 e from mu1 t i  p l  e s i t e s  , and 
improves as s i t e s  are spaced more closely,  especia l ly  i n  the v i c i n i t y  o f  
1 a te ra l  r e s i s t i v i t y  var iat ions.  
Three-Dimensional Considerations 
The study o f  the e f f e c t  o f  three-dimensional s t ruc tu ra l  complexity on MT 
data has been d i f f i c u l t  due t o  the l i m i t e d  a v a i l a b i l i t y  o f  appl icable modeling 
48 
programs and the computation expense involved. Recent advances have improved 
t h i s  p i c t u r e ,  and model computat ions have become ava i  1 ab1 e, which have 
provided in te rp re te rs  w i th  considerable ins igh t .  I n  add i t ion  t o  model 
s tud ies ,  t h e  a n a l y s i s  o f  f i e l d  d a t a  ob ta ined  i n  t h e  v i c i n i t y  of  wel l -  
documented, s t rongly  three-dimensional s t ructures has l e d  t o  a s t a r t  towards 
the  understanding o f  what kinds o f  data t o  expect under such circumstances. 
The model studies have been d i rec ted  s p e c i f i c a l l y  a t  problems o f  i n t e r e s t  
t o  regional  geothermal explorat ion.  The resu l t s  i nd i ca te  t h a t  f o r  many 
simple, geo log ica l l y  common se t t ings  w i th  s t ruc tu re  i nvo l v ing  only the  shallow 
upper crust ,  MT data can be af fected such t h a t  - both orthogonal r e s i s t i v i t y  
curves y i e l d  an anomalously sha l l  ow 1 ower crust .  Thus, by u t i  1 i z i  ng standard 
i n t e r p r e t a t i o n  techniques, a "crusta l  upwelling" could be i d e n t i f i e d  i n  cases 
where none i n  f a c t  ex is ts .  O f  p a r t i c u l a r  concern i s  the  case o f  a broad, 
conductive sed iment - f i l l ed  va l ley,  which represents a t y p i c a l  l oca t i on  where a 
regional  MT s i t e  might be placed. What i s  most ins id ious  about t h i s  c lass o f  
problems i s  t h a t  the  data a t  an af fected s i t e  may appear i so t rop ic ;  t h e  
i n t e r p r e t e r  received no warning from the  MT data i t s e l f .  
Once the  p o s s i b i l i t y  o f  the e f f e c t  i s  recognized, then a regional  survey 
can be designed w i th  a g r i d  o f  s i tes.  With a knowledge o f  the  topography and 
the  geological  framework, even a l i m i t e d  number o f  s i t e s  should be able t o  
y i e l d  a c red ib le  in te rpre ta t ion ,  
The f i e l d  data studies have concentrated on an inves t iga t ion  o f  t he  
"out-of-1 i m i t s  phase" phenomenon, whereby the  phase as we1 1 as the  amp1 i tude 
of one of the  orthogonal apparent r e s i s t i v i t y  components appears t o  behave 
anOmalOUSly. I f  one- o r  two-dimensional invers ion techniques are used under 
such c i  rcumstances , erroneous r e s i  s t i  v i  t y  -vs-depth Val ues w i  11 a1 most cer ta in -  
l y  resu l t .  The e f f e c t  appears t o  be the  r e s u l t  o f  u t i l i z i n g  data analys is  
techniques t h a t  invo lve  assumptions t h a t  are i n v a l i d  i n  some three-dimensional 
s i tuat ions.  It i s  normally assumed, f o r  example, t h a t  the  maximum and t h e  
minimum r e s i s t i v i t y  components are orthogonal. I f  i n  f a c t  they are not, then 
the  minimum r e s i s t i v i t y  component may be "contaminated" by a cont r ibu t ion  from 
the  maximum component, g i v ing  r i s e  t o  the  observed errors,  While i n  most 
cases the  existence o f  a problem s i t e  i s  s e l f  -evident, examination o f  po la r  
p l o t s  of the  diagonal as w e l l  as off-diagonal apparent r e s i s t i v i t i e s  should 
become p a r t  o f  the i n t e r p r e t e r ' s  rou t ine  i n  complex areas. 
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Concluding Remarks 
Magnetotel lur ic i n te rp re ta t i on  data i s  a complex a r t ,  even i n  many cases 
where the  data appear straightforward. The recogni t ion o f t h i s  complexity i s  a 
major step towards the rea l i za t i on  o f  the  method's capab i l i t ies .  The study o f  
two- and three-dimensional models w i l l  provide the  i n te rp re te r  w i t h  inva luable 
i f  not c r i t i c a l  ins ight .  F i n a l l y  and most important, a survey should be 
planned u t i l i z i n g  t h i s  ins ight ,  and tak ing  i n t o  account a l l  ava i lab le  regional  




DETERMINATION OF DEPTH TO THE CURIE ISOTHERM 
FROM AEROMAGNETIC DATA 
I.J. Won and K.H. Son 
Department o f  Marine, Earth and Atmospheric Sciences 
North Carol ina State Un ive rs i t y  
Raleigh, NC 27650 
The basic ob ject ive i n  r e l a t i n g  the aeromagnetic f i e l d  data w i t h  the 
s t ruc tu re  o f  the Curie po int  isotherm i s  t o  compute the lower depth l i m i t  of 
magnetized masses i n  the ear th 's  crust. Rocks lose t h e i r  magnetism a t  the 
Curie temperature a t  which ferr imagnet ic rocks become paramagnetic, and t h e i r  
a b i l i t y  t o  produce detectable magnetization disappears. Thus, the deepest 
l e v e l  i n  the c rus t  containing mater ia ls with d iscern ib le  magnetization I S  
general ly i n te rp re ted  as the depth t o  the Curie po in t  isotherm. 
With appropriate t i t a n i u m  
subst i tu t ions,  Buddi ngton and L i  ndsley (1964) cal  cu l  ated an average Curie 
po in t  ranging betwen 520°C and 560°C f o r  rocks i n  the deep crust. It i s  
general ly bel ieved t h a t  the amount o f  geothermal heatf low should co r re la te  
w i t h  the Curie depth and thus, i n  turn,  t o  the c rus ta l  magnetic f i e l d .  
Our main goal i s ,  therefore, t o  determine the bottom shape o f  the 
magnetized c rus t  from a magnetic anomaly map. Since the magnetic anomalies 
a t t r i b u t a b l e  t o  the bottom geometry are usual ly  q u i t e  smaller and have much 
longer wavelengths than those produced by shallow geological var iat ions,  t h e  
problem i s  comparable t o  searching f o r  a needle i n  a haystack. Early studies 
include those by Vacquier and A f f l eck  (1941) and Bhattacharyya and Morley 
(1965). I n  both cases, each i so la ted  anomaly was f i l t e r e d  and separately 
i n te rp re ted  by the empir ical graphic method using a ver t ica l -s ided prism. 
A more sophist icated method was proposed by Bhattacharyya and Leu (1975a, 
1975b). T h e i r  method r e q u i r e s  an e x t e n s i v e  i n i t i a l  f i l t e r i n g  of t h e  
aeromagnetic data i n  both regional and short wavelength domains. The f i l t e r e d  
data i s  subsequently d iv ided i n t o  a large number o f  blocks. For each block, a 
two-dimensional spectrum and i t s  moments are computed and compared w i t h  a 
model o f  an i so la ted  ver t ica l -s ided prism w i t h i n  a block i n  order t o  l oca te  
the corners of the body. The t o t a l  amount o f  computation i s  tremendous since 
the method requires a two-dimensional Four ier  transform f o r  each block. 
Applying the method t o  the Yellowstone National Park area, they produced the 
Curie i sotherm map we1 1 -corre l  ated w i t h  the known geothermal area . 
51 
The Curie po in t  i s  about 58OoC for magnetite. 
Employing a s i m i l a r  technique, it i s  essen t ia l l y  impossible t o  determine 
Curie depth w i th  any resolut ion a t  a l l  by f i t t i n g  a v e r t i c a l  prism t o  a s ing le  
anomaly. The Curie depths they derived could be changed by as much as 10 km 
without v i o l a t i n g  the observed data. This conclusion i s  seemingly i n  c o n f l i c t  
w i th  those of Bhattacharyya and Leu (1975b). 
A l l  methods reviewed here are commonly based on the assumption t h a t  there 
e x i s t s  an i so la ted  magnetic source f o r  each anomaly. Each ind i v idua l  anomaly 
i s  assumed t o  be caused by a s ing le  ver t ica l -s ided prism (Bhattacharyya and 
Leu, 1975a, 1975b) o r  a truncated v e r t i c a l  cone. Such i so la ted  models are apt 
t o  generate spurious anomalies, p a r t i c u l a r l y  due t o  t h e i r  u n r e a l i s t i c a l l y  Well- 
defined corners and v e r t i c a l  surfaces. These spurious anomalies can induce 
s i g n i f i c a n t  e r ro rs  i n  e i t h e r  direct-model i n g  o r  spectrum caiculat ion.  
Rock formations causing long wavelength magnetic anomalies a t  a depth 
close t o  the Curie po int  are more l i k e l y  t o  have a continuous l a t e r a l  
d i s t r i b u t i o n  rather  than i so la ted  blocks o f  well-defined geometrical bodies. 
A r e a l i s t i c  model a t  t h i s  depth should m a n i f e s t  a cont inuous l a t e r a l  
d i s t r i b u t i o n  o f  magnetic m a t e r i a l s  hav ing  v a r i a b l e  th i cknesses  and 
suscep t ib i l i t i es .  
Fluctuat ions i n  long wavelength magnetic anomalies can be a t t r i b u t e d  t o  
l a t e r a l  var ia t ions e i t h e r  i n  magnetization strength o r  i n  Curie depth. These 
double uncer ta in t ies make the task o f  simultaneously determining both the 
magnetizations and the Curie depth very d i f f i c u l t ,  i f  not impossible. S i m i l a r  
uncer ta in t ies apply t o  many geophysical modeling theories, e.g., a t h i n  
magnetic d ike f o r  which the anomaly i s  the same as long as the product of 
thickness and s u s c e p t i b i l i t y  remains the same. However, i t  can be shown t h a t  
the statement i s  no longer t r u e  i f  the d ike has a considerable thickness fo r  
which case both the thickness and the s u s c e p t i b i l i t y  can be independently 
determined from observed data (Won, 1981). The present approach i s  based on 
the c lass ica l  Gauss method for solv ing nonlinear equations (Carbato, 1965; 
Johnson, 1969; Won, 1981) coupled w i t h  Marquard t ' s  i n v e r s i o n  method 
(Marquardt , 1963) t o  der ive continuous c rus ta l  thickness and suscepti b i  1 i t y  
p r o f i l e s  from regional magnetic data. 
Figure A-9 shows the model t h a t  i s  used f o r  i n v e r t i n g  magnetic data. The 
model consists of laminated t h i c k  v e r t i c a l  prisms having f l a t  t op  surfaces and 
1 i n e a r l y  connected i n c l i n e d  bottom surfaces. The magnetic s u s c e p t i b i l i t y  
below the lower boundary i s  assumed t o  be zero so t h a t  t he  bottom geometry 
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represents the Curie isotherm topography. A1 though data w i l l  be confined 
w i t h i n  the laminated block region, two semi - i n f i n i t e  slabs are added on e i t h e r  
Side i n  order t o  reduce the edge ef fects  o f  the f i r s t  and l a s t  blocks. The 
unknown parameters t o  be determined are the depth (h's) a t  each nodal p o i n t  
and the magnetic s u s c e p t i b i l i t y  ( k ' s )  o f  each pr ismat ic body. 
The model i s  two-dimensional w i t h  an a r b i t r a r y  s t r i k e  angle w i t h  respect 
t o  the magnetic north. Data are assumed t o  be obtained a t  a constant a l t i t u d e  
along a t raverse perpendicular t o  the s t r i ke .  Since the method uses t o t a l  
f i e l d  magnetic data, there i s  no need f o r  reducing the data t o  the polar  
anomalies. The magnetic anomaly generated by a s ing le  v e r t i c a l  block having a 
f l a t  top and an i n c l i n e d  bottom can be derived by a n a l y t i c a l l y  combining two 
i n c l i n e d  dikes. By summing up these ind i v idua l  blocks, we can compute t o t a l  
f i e l d  for  any given set o f  blocks having var iab le depths and suscep t ib i l i t i es .  
Techniques f o r  determining unknown parameters o f  a nonl inear func t i on  
invo lve i t e r a t i v e l y  correct ing cu r ren t l y  assumed parameters by d i f f e r e n t i a l  
amounts, thereby minimizing the rms e r r o r  between the theo re t i ca l  p red ic t i on  
and t h e  observed data. Two predominant techn iques  o f  de te rm in ing  t h e  
correct ion amounts are Gauss' method and the gradient, o r  t he  steepest descent 
method. Marquardt's method combines these methods by control1 i n g  the amounts 
o f  d i f f e r e n t i a l  correct ion t o  insure both the convergence and speed. 
Using the geometrical model and the invers ion technique, we analyzed 
aeromagnetic data of t he  Yellowstone Park, Wyoming (Fig. A-10). The d i g i t i z e d  
data were f i r s t  low-pass f i l t e r e d  a t  a 10-km wavelength. A t o t a l  o f  12 east- 
west p r o f i l e s  evenly d i s t r i b u t e d  i n  the area were then subjected t o  t h e  
i n v e r s i o n  process t o  d e r i v e  s imu l taneous ly  t h e  depth and s u s c e p t i b i l i t y  
p r o f i l e s .  Figure A-11 shows the estimated Curie depth and Fig. A-12 t h e  
s u s c e p t i b i l i t y  s t ruc tu re  f o r  the e n t i r e  area. A cursory check w i t h  ava i l ab le  
surface geological map o f  the area shows the r e s u l t s  are reasonably corre la ted 
w i t h  l oca l  geology. Since the r e s u l t s  der ived here represent the thickness o f  
t he  e n t i r e  magnetized c rus t  and i t s  average c e p t i b i l i t y ,  i t  i s  ra the r  
d i f f i c u l t  t o  compare w i t h  the ava i l ab le  super a1 information. 
The main consolat ion i s ,  however, that, f o r  the f i l es ,  t he  rms 
di f ference between the f i e l d  data and model data i s  mostly less than two 














F i l t e r e d  aeromagnetic map a t  a 50 gama contour in terva l .  Broken l i n e  shows 




















Depth t o  the Curie isotherm derived -from the  aeromagnetic p r o f i l e s :  









Magnetic suscepti b i  1 i ty map d e r i  ved f rom the  aeromagneti c p r o f  i 1 es : 
in te rva l  i s  0.0002 emu. 
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3-D SEISMIC VELOCITY ANOMALIES I N  THE CRUST AND UPPER MANTLE 
ASSOCIATED WITH GEOTHERMAL AREAS OF THE WESTERN UNITED STATES 
K e i i t i  Aki 
Massachusetts I n s t i t u t e  o f  Techno1 ogy 
Cambridge, MA 78759 
I sha l l  review the  3-D seismic v e l o c i t y  s t ruc tu res  determined by seismic 
arrays operated i n  the western Uni ted States, w i t h  special  reference t o  
anomalies associated w i th  known geothermal areas. 
From the teleseismic P-time res idual  data obtained a t  the nation-wide 
network, large-scale anomalies were i d e n t i f i e d  under the western Uni ted States 
by Romanowicz, who in te rp re ted  them as the seismic image o f  the window i n  the 
Fara l lon  p l a t e  proposed by Dickinson and Snyder. The window was created 
because the San Andreas transform boundary cannot supply 1 i thospheric mater ia l  
behind the subducting F a r a l l  on p l  ate. D i c k i  nson and Snyder expl a i  n the recent  
h i s t o r y  o f  volcanism and u p l i f t  i n  the western Uni ted States by the upwel l ing 
o f  ho t  mater ia l  from the asthenosphere through the window. 
Cockerham and E l lswor th  used the  data from the  dense Central C a l i f o r n i a  
network and d i  scovered a remarkable "i nc l  i ned 1 ow-vel oc i  ty zone" d i  pp i  ng east- 
ward from the San Andreas, which could be i d e n t i f i e d  as the Dickinson-Snyder 
window f i l l e d  w i t h  s o f t  d u c t i l e  mater ia l .  
Geothermal areas within the surface p ro jec t i on  o f  the D i  ckinson-Snyder 
window show d i s t i n c t  low-veloc i ty  bodies i n  the c r u s t  and upper mantle, which 
apparently have deformed shapes. Examples are the Coso, Roosevelt Hot 
Springs, and Geysers Clear Lake areas studied by I y e r  and h i s  colleagues. 
Under the Yellowstone caldera, which are located outs ide the window, the 
low-veloc i ty  body appears t o  be up r igh t  and undeformed. 
Under the Cascades volcanoes, a lso located outside the  window, I y e r  and 
h i s  c o l l  eagues have no t  found any pronounced 1 ow-vel oc i  ty body. 
Whatever i s  causing the d i f fe rence i n  v e l o c i t y  s t ruc tu re  between geother- 
mal areas i ns ide  and outside the  Dickinson-Snyder window, the  consis tent  occur- 
rence o f  low-veloc i ty  bodies i n  the c r u s t  and upper mantle immediately beneath 
geothermal areas w i t h i n  the window may be used as a guide f o r  f i n d i n g  new geo- 
thermal areas, a t  l e a s t  w i t h i n  the window area. 
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FENTON HILL SITE SELECTION AND EVALUATION: 
A CASE HISTORY 
A. W .  Laughlin 
Earth and Space Sciences Division 
Los A1 amos National Laboratory 
Los Alamos, NM 87545 
Introduction 
Con t inu ing  technical success i n  the development of techniques for h t dry 
rock ( H D R )  energy extraction justifies review of the Fenton Hill "Case 
history.'' T h i s  history begins w i t h  the original s i t e  selection cr i ter ia ,  
proceeds through the compilation of existing data and collection of new data 
t o  the evaluation of methods and results and f ina l ly  t o  the application of 
these results t o  the search for new sites.  Reviewed i n  perspective the case 
history shows that the original s i t e  selection c r i te r ia  were correct. I t  also 
shows that the s i t e  selection techniques were effective i n  determining i f  the 
c r i te r ia  were met a t  a particular si te.  Based on the Fenton Hill results, a 
generalized s i t e  selection and assessment plan can be proposed. 
Si t e  Sel ecti on 
After the general concept for extracting geothermal energy from HDR was 
conceived (Robinson e t  al . ,  19711, a suitable s i t e  for developing and testing 
the extraction techniques was needed. The most obvious cr i ter ia  for the site 
were t h a t  i t  should be underlain by very low permeability rock a t  h igh  temper- 
atures. To reduce d r i l l i n g  costs, h i g h  geothermal gradients were sought. Low 
seismicity was also specified as a criterion because of the effects o f  seis- 
micity on permeability and because  o f  earthquake hazards. L o g i s t i c  and envi- 
ronmental concerns, although important,  w i l l  not be discussed here. 
The original geothermal group a t  Los Alamos was fortunate that the 
Laboratory i s  located w i t h i n  the Jemez Mountains, a region of known late- 
Cenozoic volcanism. The close proximity o f  a young s i l i c i c  caldera al.leviated 
many logistic problems and prior geologic interest i n  the area provided consid- 
erabl e evidence of a h i  gh- temperature vol cani c heat source. O f  primary impor- 
tance was the excellent geologic map of Smith, Bailey and Ross (19701, which 
detailed the volcanic stratigraphy, structure, and some thermal manifesta- 
t i  ons . Adequate geochronol ogy was avai 1 ab1 e i ndicati ng vol cani sm conti nu i  ng 
from about 10 m.y. t o  0.04 m.y. (Doell e t  a l . ,  1968). Direct evidence for 





accounts of successful well d r i l l i n g  by a private company. The seismicity was 
known t o  be low i n  the area minimizing risks of inducing earthquakes dur ing  
1 ater hydraulic fracturing and suggesting the probabil i t y  of low secondary 
permeabi 1 i ty . Some know1 edge of basement structures was obtained from un- 
published gravity and aeromagnetic data provided by L i n  Cordell of the U.S. 
Geological Survey. Both Cordell and Roy Bailey of the U.S.G.S. met w i t h  Labor- 
atory staff t o  ass is t  i n  s i t e  selection. 
Several small investi gati ons were i n i  t i  a t ed  t o  narrow down the choices 
for a s i t e  w i t h i n  the Jemez Mountains. Bailey and Cordell had suggested the 
western flank of the Valles Caldera t o  minimize the effects of faults related 
t o  the Rio Grande r if t  and the resurgent dome w i t h i n  the Valles Caldera- To 
confirm t h a t  elevated subsurface temperatures were present outside the 
caldera, Marshall Reiter of New Mexico Institute of Mining and Technology and 
Los Alamos staff drilled and logged seven shallow and four intermediate depth 
gradient holes on the southern and western flanks of the caldera. Heat flow 
values of about 230 mW/m were measured i n  the deeper holes on t h e  western 
flank. 
An aerial photographic faul t  investigation was init iated t o  ass is t  i n  
evaluating the secondary permeability. A preliminary version of the f a d  t 
study by Slemmons (1975) indicted that the Barley Canyon-Fenton Hill region of 
the Jemez Plateau was seismically quiet and w i t h i n  a large intact  faul t  block. 
Concurrently, a slim hole (GT-1) was drilled i n  Barley Canyon t o  evaluate heat 
flow and the permeability of potential basement reservoir rocks. T h i s  well 
reached a total depth of 785 m, 143 m i n t o  the Precambrain basement. Because 
of hydro1 ogic d i  sturbances the geothermal gradient was 129"C/km i n  permeabl e 
Paleozoic rocks and 45"C/km i n  low permeability Precambrian rocks. Permeabil- 
i ty  measurements ranged from 5 x t o  6 x lom3 darcies. Hydraulic fractur- 
ing  was also accomplished i n  GT-1 indicating low permeability. 
After evaluation of the results obtained i n  these studies a new d r i l l  
s i t e  was selected a t  Fenton Hill. T h i s  s i t e  was w i t h i n  the same intact  faul t  
block as the Barley Canyon s i te ,  had about the same heat flow and was better 
1 ocated for 1 ogi s t i c  and environmemtal reasons. 
Phase I System Development and Investigations 
The Phase I HDR system was constructed a t  Fenton Hill us ing  two d r i l l  
holes - GT-2- and EE-1. Drill hole GT-2 had a total depth of 2.93 km and a 
bottom-hole temperature of 197°C and EE-1 a total depth of 3.06 km and a 
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bottom- hol  e temperature o f  205.5OC. Cores, cu t t i ngs  sampl es , and geophysical 
logging were used t o  character ize the basement rocks i n  which the Phase I 
system was developed. A metamorphic complex intruded by b i o t i t e  granodior i te  
and monzograni t e  bodies was recognized. Samples o f  the various 1 i thologies 
were used f o r  who1 e- rock chemi s t r y  , pe t ro l  ogy , geochronol ogy , rock mechanics, 
rock-water i n te rac t i on  and permeabi 1 i ty studies Resul t s  o f  these studies are 
given i n  Laughl i n  (1981), Brookins e t  a1 . (19771, Zartman (1979) , Laughl i n  e t  
a1 ( i n  press), Brookins and Laughl i n  ( i n  press), and Charles and Bayhurst ( i n  
press). 
The Phase I system was developed e n t i r e l y  w i t h i n  the 385-m-thick b i o t i t e  
granodior i te  body. This rock i s  a very homogeneous igneous rock characterized 
by high modal b i o t i t e  and sphene contents and high concentrations o f  K20, 
TiOp, and P205. A1 though the b i o t i t e  granodior i te  contains f ractures,  they 
are almost i nva r iab l y  sealed w i t h  a va r ie t y  o f  minerals. Calc i te,  epidote, 
hemati t e  , ch l  o r i  te, quartz, c l  ays , fe l  dspars , and sul f ides  have a1 1 been 
observed as f racture f i 11 i ng mineral s. These seal ed f ractures show spacings 
o f  1 t o  8 cm and are var ious ly  hor izontal ,  ve r t i ca l ,  o r  steeply dipping. 
Strontium iso top ic  studies by Brookins and Laughlin (1976) ind ica te  t h a t  the 
c a l c i t e  i n  the f ractures was probably derived from adjacent Precambrian rocks 
and not  from over ly ing limestone. 
The resu l t s  of the geochronological invest igat ions show a h i s to ry  o f  
metamorphism a t  1.62 b.y., i n t rus ion  o f  the b i o t i t e  granodior i te  a t  1.50 bey., 
and i n t r u s i o n  o f  the monzogranite a t  1.44 b.y. (Brookins and Laughlin, i n  
press). These Rb-Sr resu l t s  as w e l l  as the U-Th-Pb r e s u l t s  o f  Zartman (1979) 
suggest t h a t  these systems have remalned closed despite present high tempera- 
tures. The r e s u l t s  o f  K-Ar  dat ing (Turner and Forbes, 19761, a lso i nd i ca te  
l i t t l e  movement of the daughter isotope despite temperatures as high as 313OC 
i n  EE-2. 
While the Phase I was being developed, a number o f  surface geologic and 
geophysical inves t iga t ions  were performed t o  be t te r  character ize the Fenton 
H i l l  s i te .  I n  hopes o f  p red ic t ing  the o r ien ta t i on  o f  hydraul ic f ractures,  
f racture-or ientat ion data were obtained from Precambrian exposures i n  the  
Jemez Mountains. I n  these outcrops the two f rac tu re  sets w i t h  the greatest  
frequency t rend north-northwest and northeast t o  east-northeast. These d i  rec- 
t i ons  are consistent w i th  f ractures t rending N42"E, N49"E, N52"E, and N25"W i n  
cores from GT-2. 
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Two shallow seismic r e f l e c t i o n  surveys were run i n  the area t o  r e f i n e  the 
knowledge o f  the s t ruc tu ra l  s e t t i n g  near the d r i l l  s i t e .  Results were 
reported by K in tz inger  and West (1976) and K in tz inger  e t  a1 . (1978). Several 
f a u l t s  were recognized by these surveys. A prominent NNE s t r i k i n g  f a u l t  w i t h  
a SE d i p  l i e s  immediately west o f  the d r i l l  s i t e ,  an E-W s t r i k i n g  f a u l t  w i t h  a 
S d i p  was detected N o f  the d r i l l  s i t e  and a NE s t r i k i n g  h o r s t  was observed i n  
the Precambrian subsurface N o f  Barley Canyon. This ho rs t  i s  i n  p a r t  co inc i -  
dent w i t h  a g rav i t y  high mapped by Cordell (1976). 
E l e c t r i c a l  r e s i s t i v i t y  methods were employed by J i racek (1975) t o  charac- 
t e r i z e  the Fenton H i l l  s i t e .  Schlumberger soundings and the rov ing d ipo le  and 
d ipo l  e-di pol e methods were used. Several re1 a t i v e l y  sha l l  ow conductive zones 
were recognized. The outermost r i n g  f a u l t  was p a r t i c u l a r l y  we l l  defined, 
probably because o f  ho t  water moving up along it. 
Hermance (1979) was funded by Los Alamos and the U.S.G.S. t o  conduct a 
t e l l  u r i c - m a g n e t o t e l l  u r i c  survey o f  t h e  Jemez Mountains and n o r t h e r n  New 
Mexico. A t o t a l  o f  30 s ta t ions  was run i n  the Jemez Mountains; 17 s ta t i ons  
were occupied on the Baca Grant w i t h  permission from Union O i l  Company. 
Hermance found t h a t  h i s  r e s u l t s  w i t h i n  the Jemez Mountains were very s i m i l a r  
t o  those from the  Rio Grande i f t .  He presented evidence f o r  a p a r t i a l  me l t  
accumulation a t  a depth o f  15 km. 
Because o f  the l i m i t e d  number o f  cores avai lable,  add i t iona l  evidence was 
sought f o r  the nature o f  the basement rocks. Eichelberger and Koch (1979) 
invest igated xenol i ths present i n  the Bandel i e r  Tuf f .  A1 though Precambrian 
xenol i ths are ra re  i n  the t u f f ,  22 were found. I n  cont ras t  t o  the cores from 
Fenton Hi1 1 , which are dominantly g ran i t i c ,  the xenol i ths were roughly evenly 
d iv ided between g r a n i t i c  and gabbroic rocks. The xenol i ths were a1 so t y p i c a l -  
l y  more al tered, sheared, and o f  a higher metamorphic grade than were the core 
samples. High-f luor ine b i o t i t e  and a c t i n o l i t e  were common i n  the xenol i ths as 
a1 t e r a t i o n  products o f  o r i g i n a l  hornblende. 
Phase I 1  System Development and Inves t iga t ions  
Af ter  the technical  f e a s i b i l i t y  of ex t rac t ing  geothermal energy from HDR 
was demonstrated i n  the  Phase I system, d r i l l i n g  began on a p a i r  o f  deeper 
holes for  a l a rge r  Phase I1  engineering system. D r i l l  holes EE-2 and EE-3 are 
i n c l  ined a t  a 35" angle and have t rue  v e r t i c a l  depths o f  4.39 km and 3.97 km 
respect ively.  The bottom-hole temperature o f  EE-2 i s  323OC. Cores and 




observed i n  wel ls  GT-2 and EE-1. Dikes of b i o t i t e  granodior i te  and monro- 
g ran i t e  a r e  intrusive into this complex. No single l a rge  homogeneous u n i t  was 
observed i n  the deeper Precambrian sect ion and, a s  a result, the Phase I1 
system i s  much more heterogeneous than i s  the Phase I system. Cutt ings 
analysi  s and s t ruc tura l  ana lys i s  on cores suggested the possi b i  1 i ty  t h a t  
several a1 tered zones were intersected by the well bores. 
Imp1 i ca t ions  f o r  Other Sites 
The  results of the deep d r i l l i n g  a t  Fenton Hill and subsequent f r ac tu r ing  
and engineering tests can be used t o  evaluate  the various exploration and 
assessment techniques. These evaluations have imp1 i ca t ions  f o r  the search for 
o ther  HDR sites. 
A1 though hydrologic disturbances resul ted i n  erroneously h i g h  predict ions 
of the geothermal gradient ,  the combination of f ield geology, geochronology, 
and gradient  d r i l l i n g  was generally e f f e c t i v e  i n  i den t i fy ing  a reas  underlain 
by rock a t  e levated temperature. Additional hydrologic work would he lp  i n  
i nterpreti ng the resul ts of gradient  d r i  11 i ng. 
Passive seismic techniques appear t o  be the most useful i n  evaluat ing 
reservoi r permeabi 1 i ty  p r i o r  t o  d r i  1 1 i ng . Low sei smi c acti  v i  t y  apparently 
f a i l s  t o  reopen fractures sealed a s  a result of h igh  temperature and min- 
e r a l i z i n g  f l u i d s .  Active seismic techniques were demonstrated t o  be useful i n  
de f in ing  structures such a s  f a u l t s .  Higher energy sources should be employed, 
however, t o  provide deeper penetration. 
Permeable zones can a l s o  be ident i f ied us ing  e l e c t r i c a l  o r  MT techniques. 
Although a thorough test was not performed because of f inanc ia l  cons t ra in ts ,  
prel imi nary resul ts a r e  encouraging. 
S t ruc tura l  i nvesti ga t i  ons , both surf ace and subsurf ace, can be Val uabl e 
i n  predict ing and interpreting the results o f  hydraulic f rac tur ing .  Low s u n  
angl  e a e r i  a1 photograph i n t e r p r e t a t i  on and j o i n t  a n a l y s i  s appear  t o  be 
pa r t i cu la r ly  useful. As much coring a s  possible  should be done i n  future 
holes  and techniques f o r  o r i en ta t ion  a t  h igh  temperature should be developed. 
Much information was lost or confused because of the lack o f  or ien ta t ion .  
Petrologic  inves t iga t ions  are fundamental i n  predict ing the results of 
rock-water i n t e rac t ions  along the hydraulic f rac tures .  Complete mineralogical 
and chemical charac te r iza t ion  is  a l so  important i n  predict ing and in t e rp re t ing  




From the r e s u l t s  o f  the Fenton H i l l  d r i l l i n g  and the accompanying s i t e  
invest igat ion,  the fo l l ow ing  HDR explorat ion and evaluat ion plan i s  proposed. 
A Proposed HDR Explorat ion and Evaluation Plan 
I. I d e n t i f y  areas o f  elevated subsurface temperature - F i e l d  geology - Vol canol ogy - Geochronology - Geophysics - Gradient d r i l l i n g  
Eva1 uat ion o f  permeabi 1 i ty - Passive seismic - LANDSAT and a e r i a l  photograph i n t e r p r e t a t i o n  - F i e l d  geology - Act ive seismic - Electromagnetic 
I I . 
111. Predic t ion o f  hydraul ic f rac tu re  behavior - F i e l d  and s t ruc tu ra l  geology - Petrofabr ics - Stress o r ien ta t i on  
I V .  Predic t ion o f  f l u i d  chemistry - Petrology - Whole-rock geochemistry 
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The midcontinent of North America is  commonly character ized a s  a s t a b l e  
c ra tonic  area which has undergone only slow, broad ve r t i ca l  movements over the 
pas t  several hundreds of mi l l ions  of years.  T h i s  i s  an unfertile area  for hot  
dry rock ( H D R )  explorat ion,  b u t  recent geophysical and geological studies 
testify t o  the contemporary tec toni  sm o f  1 i m i  ted areas  w i  t h i  n the m i  dconti nent  
and the possibi l i ty  of loca l ized  thermal anomalies, which may serve a s  sites 
for HDR exploration. HDR a s  an energy resource i n  the midcontinent is par t ic -  
u l  arly appeal i n g  because of the h i g h  popul a t ion  density and the increasing 
demand on conventional energy sources. 
Surface manifestations of potenti  a1 m i  dconti nent HDR sites are negl i g i  - 
b l  e ,  therefore geophys ica l  techniques supplemented by deep d r i  11 i ng a re  
necessary for HDR exploration. Wi th in  the pas t  few years, grav i ty  and magnet- 
i c  data  covering broad areas of the midcontinent have been observed, compiled, 
and i n  some cases filtered t o  enhance pa r t i cu la r  a t t r i b u t e s  of the anomaly 
fields. These maps and data  are proving useful i n  mapping t ec ton ic / l i t ho log ic  
regimes, whi ch serve a s  guides t o  1 oca1 i ze  more de ta i  1 ed geophysical /geol ogi cal  
studies. In addi t ion,  increasing a v a i l a b i l i t y  of the results of deep d r i l l i n g  
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a r e  providing new ins igh t  i n t o  the structure, geologic h is tory ,  and geophys- 
i c a l  parameters of the midcontinent - information which i s  c r i t i c a l  t o  
effective HDR exploration. 
F i v e  generalized model s of exploration t a r g e t s  f o r  midcontinent HDR sites 
have been identified : 1) radiogenic heat  sources,  2 )  conductivi ty-enhanced 
normal geothermal gradients  , 3) resi dual magmatic heat ,  4 )  sub-upper c rus t a l  
sources, and 5) hydrothermal - generated thermal gradients.  These models are 
i l l u s t r a t e d  schematically i n  Fig. A-13. 
Radiogenic heat  sources loca l ized  i n  intrusives of sufficient volume and 
concentration of heat-producing radioisotopes a r e  po ten t i a l ly  v iab le  HDR sites 
p a r t i c u l a r l y  where they a r e  covered by a thermally insu la t ing  sedimentary rock 
blanket. Potent ia l  radiogenic heat  sources include both felsic (e.g., Wolf 
River Bathol i th)  and a l k a l i c  (e.g., Coldwell Complex) intrusives. Felsic 
intrusives a r e  commonly character ized by gravi ty  minima of the order of a few 
tens of milligals and negative magnetic anomalies. A typical  example i s  the 
1500 m.y. old g ran i t e  pluton d r i l l e d  over a ve r t i ca l  range of nearly 1 km i n  
northern I l l inois .  Analyses of the core ind ica te  an abnormally h i g h  U and Th 
3 content  and a mean heat  generation of roughly 40 x cal/cm sec. The 
three-dimensional configuration of this pluton has been determined by analysis 
of the associated gravi ty  minimum and more poorly defined magnetic minimum. 
In con t r a s t ,  recent studies i n  the midcontinent show t h a t  o ther  felsic plutons 
a r e  associated w i t h  r e l a t i v e l y  h igh  magnetite contents  resulting i n  s t rong 
1 oca1 i zed magnet1 c anomal i es . Avai 1 ab1 e evi dence suggests t h a t  the gravi ty  
s igna ture  of these high-magnetite fel sic p lu tons  i s  n i l  or  s l i g h t l y  posi t ive.  
Fel sic plutons i n  the midcontinent a r e  associated w i t h  Precambrian orogenic 
regimes (e.g., Penokean Foldbel t) a s  well as anorogenic a reas  (e.g., Central 
Province). A1 k a l i c  i n t rus ives ,  which a r e  marked by intense pos i t i ve  grav i ty  
and magnetic anomalies, occur w i t h  Proterozoic rifts (e.g., Coldwell Complex) 
and w i t h  major s t r u c t u r a l l y  disturbed zones (e.g., 38th Para l le l  Lineament). 
An example of a potent ia l  radiogenic hea t  source i n  the basement of a 
c ra ton ic  basin associated w i t h  a gravi ty  minimum has been invest igated i n  the 
southeastern portion of the Michigan Basin. A res idual  Bouguer grav i ty  of -25 
mgals amplitude has been i so l a t ed  over a portion of the Basin underlain by 
Grenvi l le  Province basement rocks. The gravi ty  minimum is associated w i t h  a 
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Models of exploration targets for midcontinent HDR sites.  
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magnetic minimum r inged by a d i  scont i  nuous pos i t i ve  anomaly. Geol ogic cross 
sections o f  the anomaly area prepared from wel l  logs show t h a t  the g rav i t y  
minimum cannot be due t o  increased thickness o f  evaporite deposits and 
evidence i s  lack ing  t o  expla in  the minimum w i th  an increased thickness of 
low-densi ty c l a s t i c  sedimentary rocks. The thickness o f  low thermal con- 
d u c t i v i t y  shale w i t h i n  the basin over the basement anomaly source i s  approxi- 
mate ly  400 m. The conf igurat ion o f  the hypothesized f e l s i c  source o f  the 
geophysical anomaly has been determined by modeling as an inver ted cone, which 
i s  e l l i p t i c a l  i n  hor izonta l  cross sect ion and reaches t o  a depth o f  roughly 8 
km . 
Channel 1 i ng o f  heat through higher conduct iv i ty  rocks can resul  t i n 
l o c a l l y  high geothermal gradients i n  a reg iona l l y  normal heat f low f i e l d .  
Rock types t h a t  have s i g n i f i c a n t l y  higher thermal conduct iv i t ies  w i th  respect 
t o  the sedimentary rock overburden i ncl ude evaporites and c rys ta l1  i ne basement 
rocks. Thus s a l t  d iap i r s  (e.g., Gul f  Coast S a l t  Domes), which are charac- 
te r i zed  by strong negative g rav i t y  anomalies, may per turb the l oca l  normal 
thermal  g r a d i e n t s  as w i l l  basement h o r s t s  and a n t i c l i n e s  (e.g., Howell  
Antic1 ine)  w i t h i n  sedimentary basins. Basement up1 i f t s  are commonly, bu t  no t  
necessari ly, associated w i th  p o s i t i v e  g rav i t y  and magnetic anomalies. Buried 
basement r i f t s  and t h e i r  re la ted  grabens (e.g., Reel f o o t  R i f t )  commonly 
invo lve  marked r e l i e f  o f  the basement c r y s t a l l i n e  rocks w i t h  the i n f i l l i n g  
sedimentary rocks. Thus abnormal thermal gradients caused by "channel 1 i ng'l 
are possible i n  the Miss iss ipp i  Embayment, p a r t i c u l a r l y  near the head o f  the 
Embayment where geophysical /geol ogical  evidence ind ica te  the presence o f  an 
ancient rift zone, which i s  undergoing recent tecton ic  a c t i v i t y  (New Madrid 
Seismic Zone) as a r e s u l t  o f  the ambient stress f i e l d  operating on t h i s  
ancient zone o f  weakness. I n  a s im i la r  way, other M i d d l e - t e L a t e  Proterozoic 
rift zones, which occur extensively throughout the midcontinent, are of 
po ten t i  a1 i ntere'st t o  HDR expl o ra t ion  . The geophysical signatures o f  these 
ancient r i f t s  are va r ied  depending upon the degree o f  c rus ta l  d is rup t ion  and 
graben development, bu t  general ly the c rus t  i s  thickened and l i n e a r  trends of 
p o s i t i v e  g rav i t y  and magnetic anomalies mark the l oca t i on  o f  mafic i n t rus i ve /  
ext rus ive rocks. 
Poten t ia l  residual  magmatic heat sources include young (< 1 m.y.1 upper 
c rus ta l  in t rus ions.  Re la t i ve ly  small volume, anorogenic, a l k a l i c  in t rus ions  
are found w i t h i n  the Phanerozoic sedimentary rocks o f  the midcontinent along 
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the 38th Para1 1 e l  Lineament and the Gul f Coast region. Cal c u l  a t i  ons i ndicate 
t h a t  these i n t r u s i v e s  cool r a p i d l y  and thus would contr ibute no useful 
residual  heat beyond 1 m.y. However, the youngest o f  these intrusions, which 
are manifested i n  p o s i t i v e  g r a v i t y  and magnet1 c anomal i es , i s approximatelY 
70 m.y. Thus, residual  magmatic heat i s  an u n l i k e l y  source of HDR resources 
unless very recent i n t r u s i  ons can be 1 ocated. 
Sub-upper crusta l  sources invo lve anomalously high, lower c rus ta l  o r  
upper mantle temperatures sustained f o r  a s u f f i c i e n t  per iod o f  t ime t o  cause 
surface thermal anomalies. Mass t ranspor t  processes w i t h i n  the mantle, which 
lead t o  these temperature anomalies may be observed i n d i r e c t l y  by the e f f e c t  
they have upon upper mantle and c rus ta l  s t ructure and propert ies. Based upon 
g e o l o g i c a l  /geophysica l  evidence, t h e  M i s s i s s i p p i  Embayment i s  t h e  most 
commonly c i t e d  candidate i n  the midcontinent f o r  r e l a t i v e l y  recent (Mesozoic) 
involvement i n  processes i nvo l v ing  mass t ranspor t  w i t h i n  the mantle. A long- 
wavelength magnetic minimum over the Embayment may be a r e s u l t  o f  an upwarp o f  
t h e  C u r i e  P o i n t  i sotherm suggest i  ng post-Mesozoi c a c t i  v i  t y  , b u t  o t h e r  
explanations f o r  the anomaly are p laus ib le  and recent analyses place the 
observed high heat f low i n  the Embayment under serious question. 
Anomalously high l o c a l  upper c rus ta l  temperatures i n  the midcontinent may 
be caused by heat t rans fe r  through ground-water movements caused by nonthermal 
induced convection. The prominent thermal anomaly i n  western Nebraska i s  
bel ieved t o  have t h i s  o r i g in .  Water heated i n  the lower reaches o f  the Denver 
Basin i s  dr iven upward i n  permeable horizons i n t o  the subsurface o f  the pan- 
handle of Nebraska. The components which are required f o r  the development o f  
t h i s  type of thermal anomaly include s t ruc tu ra l  a t t r i b u t e s  o f  sedimentary 
basi ns which are amenabl e t o  i nvest i  g a t i  on by geophysical methods. 
Consideration o f  the possible models f o r  HDR explorat ion on s i t e s  i n  the 
midconti  nent shows t h a t  geophysi ca l  techniques, p a r t i  cu l  a r l y  g r a v i t y  and 
magnetic methods on a reconnaissance basis, are useful  i n  d e l i m i t i n g  l o c a l i z e d  
areas f o r  more detai  1 ed i nves t i ga t i on  and analysi s. 
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SEISMIC METHODS OF HOT DRY ROCK EXPLORATION 
Lawrence W. Bra i l e ,  W.J.Hinze, Ralph R.B. von Frese 
Department o f  Geosciences 
Purdue Univers i ty  
West Lafayette, I N  47907 
and 
G. Randy K e l l e r  
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Univers i ty  o f  Texas a t  E l  Paso 
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Seismic methods appl ied t o  ho t  dry rock explorat ion o f  the cont inental  
c r y s t a l l i n e  c r u s t  have had l i m i t e d  use b u t  are p o t e n t i a l l y  s i g n i f i c a n t  f o r  
b o t h  r e g i o n a l  and l o c a l  s t u d i e s .  Both a c t i v e  ( se i sm ic  r e f r a c t i o n  and 
r e f l e c t i o n  p r o f i l i n g )  and passive ( l o c a l  earthquake monitoring and teleseismic 
delay t ime studies) provide data on the v e l o c i t y  and at tenuat ion s t ructure of 
the c r u s t  which may be re la ted  t o  the thermal environment and po ten t i a l  h o t  
dry rock resources. 
Seismic techniques can be appl ied t o  ho t  dry rock explorat ion on a 
regional o r  a l o c a l  scale. Regional studies are most useful f o r  de f i n ing  the 
s t ruc tu ra l  framework, v e l o c i t y  and at tenuat ion cha rac te r i s t i cs  o f  the upper 
crust ,  depth t o  c r y s t a l  1 i n e  basement, stress determinations and possible 
co r re la t i ons  w i t h  temperature. Local studies may be useful f o r  i n f e r r i n g  
composi ti on, determi n i  ng de.pth t o  basement, and mapping the conf igurat ion of 
po ten t i a l  ho t  dry rock volumes associated wi th  plutons o r  other three- 
dimensional features. 
Pass1 ve sei  smi c techniques y i  e l  d i n f  ormati on on earthquake 1 oca t i  ons , and 
through focal  mechanisms, on the p r e v a i l i n g  regional stress pa t te rn  i n  the  
c r y s t a l  1 i ne crust .  Earthquakes are associated wi th  hydrothermal anomal i e s  i n  
t h e  t e c t o n i c a l l y  ac t i ve  regions o f  western North America. I n  c ra ton i c  
regions, zones of a c t i v e  sei smi c i  ty are probably i ndi c a t i  ve o f  pre-exi s t i  ng 
geologic s t ructures within the c y s t a l l  i n e  crust ,  which may serve t o  1 oca1 i z e  
thermal anomal ies. Focal mechanisms o f  earthquakes provide an important 
measurement o f  the regional stress pa t te rn  w i t h i n  the upper crust ,  which i s  
important t o  the e x p l o i t a t i o n  o f  h o t  dry rock resources. I f  earthquake 
monitoring i s  performed on a reasonably c lose s t a t i o n  spacing, teleseismic 
delay $ime data may be used t o  i n f e r  seismic v e l o c i t y  anomalies a t  depth 
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beneath an array o f  seismograph stat ions.  Within t e c t o n i c a l l y  ac t i ve  regions, 
these ve loc i t y  anomalies are commonly re la ted  t o  thermal anomalies. S imi la r  
observations may apply t o  craton ic  regions as wel l ,  although the expected 
anomaly due t o  ve loc i t y  var ia t ions  i n  craton ic  regions i s  near the l i m i t  o f  
resol  u t i  on o f  the techni que. The d i  s t r i  b u t i  on o f  sei  smograph s ta t ions  w i  t h i  n 
craton ic  regions i s  general ly no t  adequate and add i t iona l  studies w i l l  be 
required t o  demonstrate the u t i 1  i t y  o f  these techniques. 
Laboratory studies o f  the seismic ve loc i t y  o f  rocks consis tent ly  show 
t h a t  sei  smic vel  oc i  ty  i s  inverse ly  re1 ated t o  temperature. However, t he  
e f f e c t  i s  r e l a t i v e l y  small (on the order o f  -0.001 km/s/'C) and most thermal 
anomalies associated w i th  ho t  dry rock volumes may be too small t o  show a 
ve loc i t y  anomaly above the l e v e l  o f  p rec is ion  o f  seismic methods. I n  
addi t ion,  other effects such as rock composition, porosi ty,  and f l u i d  content 
may produce la rge  ve loc i t y  differences. On a continent-wide bas is  f o r  North 
America, both heat f low and in fe r red  temperature a t  depth w i t h i n  the c r u s t  
have been re la ted  t o  average seismic ve loc i t y  propert ies.  One study has shown 
a co r re la t i on  between low Pn ve loc i t y  (seismic ve loc i t y  o f  the upper mantle) 
and h igh temperatures f o r  data averaged by province. Heat f low i s  a lso  
approximately inverse ly  proport ional  t o  c rus ta l  thickness, geologic age and 
average seismic ve loc i t y  of the crust .  Thus, seismic methods can be u t i l i z e d  
t o  i n f e r  r e g i o n a l  thermal c h a r a c t e r i s t i c s  as an a i d  t o  h o t  d r y  r o c k  
expl orat ion.  
Seismic r e f r a c t i o n  and r e f l e c t i o n  p r o f i l i n g  techniques have considerable 
use i n  both regional  and loca l  hot  dry rock explorat ion programs. Ve loc i ty  
s t ruc tu re  of the upper c r u s t  may be an i nd i ca to r  o f  temperature and s t ruc tu ra l  
information such as depth t o  basement, presence o f  f au l t s ,  loca t ions  o f  
p l u t o n s  and t h e  th i ckness  o f  p l u t o n s  p r o v i d i n g  v a l u a b l e  i n f o r m a t i o n  on 
po ten t i  a1 heat sources. 
Although seismic methods have good po ten t ia l  for  u t i l i z a t i o n  i n  ho t  dry 
rock explorat ion programs, both a t  a regional  and l o c a l  scale, and have been 
used successful ly i n  several studies t o  date, the ve loc i t y  e f f e c t s  and 
s t ruc tu ra l  features which are expected t o  be associated w i t h  thermal anomalies 
are near the l i m i t  o f  reso lu t ion  o f  ava i lab le  techniques. Thus, more de ta i l ed  
accurate and h igh reso lu t ion  methods w i l l  general ly be requi red f o r  applica- 
t i o n  of seismic techniques i n  ho t  dry rock exploration. 
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GEOTHERMAL ANOMALIES I N  THE NORTHERN APPALACHIAN BASIN; 
WESTERN AND CENTRAL NEW YORK 
Dennis S. Hodge and Kur t  A. Fromm 
Department o f  Geological Sciences 
State Un ivers i ty  o f  New York a t  Buf fa lo  
Amhers t, NY 14226 
The known geothermal resources i n  the eastern U.S. are asociated with:  
(1 1 deep sedimentary basins with normal temperature gradients, (2) warm 
s p r i  ngs , (3)  radiogenic grant tes covered by 1 ow thermal conducti v i  ty sedi - 
mentary rocks. Areas w i th  a moderately th i ck  sedimentary sequence under1 a i  n 
by radiogenic g ran i te  have great po ten t ia l  f o r  ho t  dry rock geothermal appl ica- 
t i o n  i n  the eastern U.S., whereas hydrothermal geothermal resources are 
associated with permeable s t ra t ig raph ic  layers i n  the deep sedimentary basins. 
Several areas i n  New York have been i dent i  f i ed through previous invest igat ions 
with the Los Alamos National Laboratory and New York State Energy Research 
Development Author i ty  (NYSERDA) and are deemed t o  have good potent ia l .  I n  
order t o  provide data t o  determine the geothermal character o f  t h i s  area, an 
in tegrated analysis o f  heat flow, bottom-hol e temperatures (BHT) , temperature 
gradients, geochemical i ndi cators and g rav i t y  has been adapted. Detai 1 ed 
temperature -gradient  analysis ind icates t h a t  higher than normal geothermal 
gradients e x i s t  i n  New York; consistent patterns o f  h igh temperature gradients 
fo r  areas near Cayuga Lake, East Aurora and Elmira were i d e n t i f i e d  by using 
bottom-hol e temperatures. I n i t i a l  resu l t s  suggested t h a t  the regional  and 
l o c a l  var ia t ions  i n  temperature gradients were re la ted  t o  v e r t i c a l  and l a t e r a l  
conduct iv i ty  changes and t o  l oca l  changes i n  heat f low due t o  heat generation 
i n  g r a n i t i c  p l u t o n s  i n  t h e  basement; t h i s  p r e l i m i n a r y  conc lus ion  was 
consis tent  w i th  the i n te rp re ta t i on  o f  heat f low on the A t l a n t i c  coastal p l a i n  
by Costain. Due t o  the r e l a t i v e l y  simple geology, New York State provides an 
idea l  l oca t i on  f o r  the analysis o f  heat f low va r ia t i on  and re la t i onsh ip  of 
t h i  s v a r i a t i o n  t o  basement 1 i tho1 ogy. 
I n  March 1982 NYSERDA, i n  cooperation w i t h  the Department o f  Energy, 
completed d r i l l i n g  o f  a geothermal t e s t  wel l  i n  Auburn, New York. This s i t e  
1 s 1 ocated w i t h i n  an area o f  anomalously high geothermal gradients determined 
from mean annual surface temperature and BHT. This w e l l  in tersected marble i n  
the Precambrian basement a t  5100 f e e t  and y ie lded a bottom-hole temperature o f  
5loC a t  5260 f e e t  about 12 hours a f t e r  cessation o f  d r i l l i n g .  Hydrologic 
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t e s t i n g  showed s ign i f i can t  f lows o f  water a t  greater than 5OoC from 4750 f e e t  
i n  the Theresa Formation, a Cambrian dolomi t i c  sandstone. Geophysical we1 1 
l o g s  suggest t h a t  wa te r  f l o w  i s  f rom f r a c t u r e  p e r m e a b i l i t y  i n  t h i s  
s t r a t i g r a p h i c  l a y e r .  The a n a l y s i s  o f  thermal c o n d u c t i v i t y ,  d e t a i l e d  
temperature gradients , and permeabil i'ty suggest t h a t  the elevated BHT- derived 
geothermal gradients i n  t h i s  area are caused by hydrothermal c i  r c u l  a t i  on a1 ong 
fractures i n  the s t ra t i g raph ic  section. 
S im i la r  r e s u l t s  are ind icated i n  other areas o f  the state; elevated 
gradients are often associated with observable f a u l t s  and topographic 1 inear  
features derived from i n t e r p r e t a t i o n  o f  LANDSAT imagery. I n  l i g h t  o f  t h i s  new 
data, the associat ion o f  h igh geothermal gradients and regions under la in by 
I 
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radiogenic grani tes may be masked by s t ruc tu ra l  e f f e c t s  i n  the s t ra t i g raph ic  
layers. Many geothermal gradient anomalies i n  the Appalachian basin may be a 
r e s u l t  of hydrothermal c i r c u l a t i o n  along f a u l t s  and f ractures and no t  e n t i r e l y  
the r e s u l t  o f  conductive heat f low adjacent t o  rad ioact ive granites. 
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In t roduc t i on  
The geothermal regime o f  Nebraska was no t  known by any d i r e c t  evidence 
p r i o r  t o  the commencement o f  a U.S. Department o f  Energy sponsored study i n  
1979. A1 though some in te rp re ta t i ons  o f  t h i  s geol ogi  c p rov i  nce i ndi cated a 
t y p i c a l  midcontinent heat f l ow  (Roy e t  al., 1972; Combs and Simmons, 1973; 
Lachenbruch and Sass, 19771, o ther  studies suggested t h a t  anomalously h igh  
subsurface temperatures might e x i s t  i n  par ts  o f  the s ta te  (Swanberg and 
Morgan, 1979; Schoon and McGregor, 1974). The s ign i f i cance o f  these data and 
t h e i r  relevance i n  the design o f  the geothermal resource assessment of 
Nebraska were discussed by Gosnol d (1980). The resource assessment s t ra tegy 
included acqu is i t i on  o f  heat f low data, temperature -gradient measurements i n  
a l l  ava i l ab le  wel ls,  an evaluat ion of the bottom-hole temperature data f o r  
more than 14,000 o i l  and gas wel ls,  and preparat ion o f  a 5-mgal contour 
i n t e r v a l  r e s i d u a l  Bouguer g r a v i t y  map. F o r  reasons d iscussed e l  sewhere 
the  bottom-hole temperature data from o i l  and gas we l l s  are n o t  p a r t i c u l a r l y  
useful. However the other data excluding the grav i ty ,  map which i s  i n  
p r e p a r a t i o n ,  have proved t o  be a success fu l  approach t o  t h e  resource  
assessment. 
Heat Flow and Resource Assessment 
Twenty-nine heat f low s i t e s  were selected throughout the s ta te  and 
inc luded both the  suspected anomalous and normal heat f low areas. Heat f l ow  
fo r  most o f  Nebraska ranges from 40 mM/m2 t o  60 mM/m , b u t  two l a t e r a l l y  
extensive areas (Fig. A-14) with heat f lows as h igh  as 120 mW/m2 have been 
discovered (Gosnold e t  al., 1981). The h igh  heat f low i n  the Nebraska pan- 
handle appears t o  be due t o  slow, updip f low i n  deep aqu i fe rs  i n  the  Denver- 
Julesburg bas in and corresponds t o  the eastern margin o f  the  bas in i n  






Nebraska Heat Flow Data. High heat f low zones are shaded b u t  the l i m i t s  o f  
the  zones are in fe r red  and are no t  cer ta in .  The h igh heat f low zone i n  
western Nebraska may be due t o  updip f low toward the northeast from the  Denver 
basin. The o r i g i n  o f  the h igh heat f low zone i n  north-central  Nebraska i s  
discussed i n  the tex t .  
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Equil ibrium temperature gradients for e ight  deep wel ls  a re  given i n  the  
locat ing c i rc les .  Structure contours f o r  the Dakota are given i n  meters wi th  





deep wel ls  (1.2 t o  1.8 km) r e l a t e  t o  s t ructure contours on top o f  the Dakota 
Group (Cretaceous). Modeling studies o f  the e f f e c t s  o f  updip water f low 
w i t h i n  the lower sand u n i t s  o f  the Dakota Group suggest t h a t  a f low r a t e  o f  
about 0.4 t o  0.6 m/yr could produce the subsurface temperatures observed above 
t h a t  horizon. 
The high heat f low i R  north-central Nebraska i s  not  easy t o  explain. 
Four heat f low s i t e s  i n  the area range from 100 mM/m2 t o  140 mW/m , and 
temperature gradients logged i n  14 deep water wel ls  range from 50 K/km t o  90 
K/km. Updip water f low i s  an u n l i k e l y  explanation f o r  the high heat f low 
because the sediments d i p  a t  very shallow angles. A more l i k e l y  explanation 
i s  t h a t  upward f low along f ractures enters aqui fers  such as the Dakota Group 
and f lows l a t e r a l l y ,  causing the h igh heat flow. A t h i r d  p o s s i b i l i t y  i s  t h a t  
the Precambrian basement rocks contain high amounts o f  uranium and thorium and 
have high heat generation values. We have no firm data as y e t  t h a t  could he lp 
i n  the i n t e r p r e t a t i o n  o f  t h i s  region. However, by Kidsummer o f  1982 we 
expect t o  obtain a temperature l o g  i n  a recent ly  completed heat f low hole t h a t  
bottoms i n  Precambrian granite. The hole has been logged t o  a depth o f  530 m, 
which reaches upper Paleozoic Carbonates, and the temperature l o g  gives no 
i n d i c a t i o n  o f  hydrologic disturbances. A t  present we can only speculate on 
the source o f  heat i n  t h i s  region. 
We have obtai  ned equi l  i b r i  um temperature measurements i n  "more than 100 
addi t ional  wells; and, we have combined t h i s  informat ion wi th  heat f low data, 
thermal conduct iv i ty  data, and s t ra t i g raph ic  data from e l e c t r i c  logs o f  deep 
wel ls.  These data were synthesized wi th the assumption that ,  i n  a conductive 
thermal regime, subsurface temperatures are determined by the heat f low and 
the thermal conduc t i v i t i es  o f  the 1 i tho1 ogic u n i t s  present (Gosnol d and 
Eversol 1 , 1981; 1982 1. The resul  t i s  the i dent i  f i c a t i  on o f  a 1 ow- temperature 
geothermal resource area o f  about 107,000 km i n  extent  t h a t  contains on the 
order o f  1000 x 10 l8 J of energy stored i n  the sands o f  the Dakota Group. One 
of the primary reasons f o r  the existence o f  t h i s  low-temperature geothermal 
resource i s  t h a t  most of the s t ra t i g raph ic  section over ly ing the Dakota Group 
i n  Nebraska consists o f  shales t h a t  have thermal conduc t i v i t i es  of around 
1.1 W/m/K. Consequently the geothermal gradients w i t h i n  these t h i c k  (up t o  
2 km) shale sections are approximately 50 K/km even where the heat f l ow  i s  





Geothermal gradi  ents from equi 1 i b r i  um temperature 1 ogs. 
Hot Dry Rock Prospects 
Extension o f  the present data t o  deeper regions i n  search o f  h igher 
temperatures becomes mostly specul at ion.  We have very 1 i ttl e informat ion on 
the amount of rad ioac t ive  heat generation i n  the Precambrian basement rocks, 
b u t  we are attempting t o  Snterpret  t i s  avai lable.  Small samples of d r i l l  
cu t t i ngs  and some few core samples o f  basement rocks have been recovered 
dur ing the d r i  11 i ng o f  dee m i  n e r d  -expl o r a t i  holes. German (unpublished 
Masters Thesi s)  used f i s s i o n  t rack  mappi ng chniques t o  5 nvest i  gate the 
nature o f  uranium occurrences i n  these samples. I n  general he has found t h a t  
i n  several instances the amount o f  uranium contained secondary mineral s 
equals o r  exceeds the t o t a l  uranium i n  primary minerals these samples. Pt 
rocks and convecting 
t rack  data may g ive some ind i ca t i on  o f  heat generation i n  the basement rocks. 
I f  t h i s  method of study proves t o  be v a l i d  it could be useful  i n  est imat ing 
upper c rus ta l  temperatures i n  regions w i th  covered basement rocks. It should 
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be pointed out  t h a t  the basement samples we have are too small f o r  gamma-ray 
spectrometric determination of heat  generation and a r e  not avai l  ab le  for 
destructive chemical analyses. 
Calculations of temperatures i n  the basement rocks based on basement hea t  
generation values ranging from 5 t o  15 HGU indica3e t h a t  d r i l l i n g  depths  on 
the order of 5 km a r e  t o  reach the 200° isotherm. In western Nebraska up t o  3 
km of this d r i l l i n g  depth would be i n  sedimentary rocks. 
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GEOTHERMAL EXPLORATION I N  THE RHINE GRABEN 
(West Germany and France) 
Bernard Hoffers 
Los Alamos National Laboratory - Los Alamos, NM 87545 
Gewerkschaft W a l t e r  - Nest Germany 
The Rhine graben (Fig. A-171, s i t ua ted  i n  southwestern Germany and north- 
eastern France, has been and i s  the main t a r g e t  f o r  geothermal explorat ion i n  
Germany. This i s  mainly due t o  the f a c t  t h a t  some we l l s  being d r i l l e d  f o r  o i l  
expl o ra t i on  encountered anomal ous high temperatures ( up t o  160°C i n  1800-111 
depth). P r i o r  t o  these observations, h igh geothermal gradients were known i n  
the o i l  mining region o f  Pechelbronn. Numerous h o t  springs i n  the surround- 
ings of the graben ind i ca te  ac t i ve  hydrothermal convection. I n  1975, the 
commission o f  the European Communi t i e s  s ta r ted  a research and development 
program f o r  geothermal energy. This program concentrated on explorat ion i n  
special regions, assessment o f  geothermal po ten t i a l  o f  the s tates of the 
European Communi t i e s ,  data gathering and feas i  b i l  i ty studies. The research 
work i n  the Rhine graben was performed i n  cooperation with un ive rs i t i es ,  
regional geological surveys and other i n s t i t u t i o n s .  
I n  order t o  have a b e t t e r  view o f  t h i s  explorat ion campaign, i t  i s  
necessary t o  summarize some f a c t s  on geology and geophysics o f  the Rhine 
graben. The hercyni an basement consi s t s  o f  gnei sses and metamorphic schi s t s  
in t ruded by grani tes o f  carboniferous age. The Permian i s  developed i n  some 
regions as a t h i c k  sequence o f  conglomerates, arkoses and s i l t s tones .  The 
Lower T r iass i c  formed by the Buntsandstein, a sandstone w i t h  i t s  thickness 
increasing from south (30 m) t o  nor th  (500 m). The Middle and Upper T r iass i c  
p lus the Jurassic i s  a ser ies o f  marls, limestones, and sandstones, up t o  500- 
m thickness. I n  the Uppermost Jurassic sedimentation stopped, and began again 
i n  a bigger scale only i n  the Rhine graben since Middle Eocene. A 2,000- 
3,000-m-thick sequence o f  mostly marl s, c lays and evaporites was deposited i n  
the per iod ending w i t h  the Upper Miocene. I n  the P1 iocene, the tecton ic  s t y l e  
changed froom an extensional r i ft va l l ey  with mainly v e r t i c a l  movements t o  
1 eft-1 a te ra l  s t r i k e  s l  i p tectonics con t i  nui  ng ti 11 today, as can be concluded 
from f a u l t  p l  ane sol ut ions o f  earthquakes. 
The most prominent geophysical feature o f  the Rhine graben i s  the updoming 
of the mantle under i t s  southern p a r t  up t o  25-km depth. The absence of a 
82 
Fig. A-17. 





corresponding posi t ive Bouguer anomaly i s  believed t o  indicate  hot low-density 
material under the graben. However, the surface heat flow is quite normal; 70 
mw m-' has been measured i n  potash mines of the southern Rhine -graben. Values 
twice as  much as t h i s  one have been obtained from some o i l  wells i n  the o i l  
f i e l d s  of Pechelbronn and Landau, b u t  exploratory .wells d r i l l e d  only a few 
k i  1 ometers away from such "hot spots" encountered normal and 1 ow temperatures. 
T h i s  is i n  good agreement w i t h  observations on the degree of coa l i f ica t ion  of 
organic matter, which is  dependent on the temperature his tory o f  t h a t  material 
i n  cores from many boreholes and c lear ly  shows t h a t  almost no connection 
exists between the recent temperature f i e l d  and the coa l i f ica t ion .  In now 
'icooli' boreholes the degree of coa l i f ica t ion  may be high indicating h igh  
temperatures i n  the past ,  o r  i n  some "hot" boreholes there is no corresponding 
coa l i f ica t ion .  Thus,  the temperature f ie ld ,  varying considerably i n  space and 
t ime,  may be best exp la ined  by convec t ive  h e a t  t r a n s f e r ,  i .e.,  deep 
ground-water c i r c u l  a t i o n .  Two-dimensional numerical  model i n g  of t h e  
temperature e f f e c t  of hydrothermal convection y i e lds  a minimum age of the 
geothermal anomalies of about 80,000 years ,  under the assumption t h a t  water 
rises from 6-km depth w i t h  an i n i t i a l ,  undisturbed temperature gradient of 
30°C/km. I t  i s  assumed i n  this model t h a t  the water rises ve r t i ca l ly  i n  the 
basement and flows horizontally i n  the s t r a t a  of the Buntsandstein (Fig. 
A-18). The permeability i n  the basement t h a t  is  necessary f o r  the required 
flow (1.2 Mg cm" year-') is  due t o  the regional shearing para l le l  t o  the 
graben ax is ,  opening up second-order shear planes o r  Riedel shears,  which can 
be seen i n  quarr ies  on the shoulders of the graben and even i n  the sedimentary 
graben f i l l .  The geothermal anomalies a re  bound t o  tectonic  horse s t ruc tures  
w i t h i n  t h e  graben, which i s  probably caused by t h e  h y d r a u l i c s  of the 
convection system. 
Geophysical f ie1  d experiments and measurements g i v i n g  information about 
the underground temperatures were performed extensively i n  the sixties and 
seventies, i n c l u d i n g  r e f r a c t i o n  and r e f l e c t i o n  seismics, g rav ime t ry ,  
magnetotellurics, magnetics, and geoelectr ics .  The main result of a l l  t h i s  
work, of i n t e r e s t  here, is the existence of a temperature anomaly i n  the lower 
c r u s t  and upper mantle associated w i t h  the d i ap i r i c  uprise of the mantle 
mentioned above. The northern pa r t  of the graben w i t h  i t s  near- surface 
anomalies was not investigated i n  de ta i l  i n  i t s  deep s t ruc ture .  However, some 





mainly f o r  testing the methods (magnetotellurics, magnetic deep sounding and 
microseismic noise). Special exploration fo r  exploi ta t ion projects  has been 
car r ied  out  by re f lec t ion  seismics (Vibroseis),  looking fo r  deep hot aquifers  
i n  the Tr iass ic  and Ju ras s i c  formations of the graben. 
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Fig. A-18. 
Vertical section used f o r  calcul a t ion of temperature e f f e c t s  of hydrothermal 
convection. lolater is entering the system a t  Point A and i s  then flowing 
according t o  lines w i t h  arrows. 
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PARAMETRIC EXPLORATION FOR HOT DRY ROCK 
Tsvi Meidav 
Trans-Pacific Geothermal, Inc. 
Panaceas will elude the Hot Dry Rock explora t ion is t  as  they have the hydro- 
thermal reservoir  hunter. No sing1 e technique can determi ne the petrophysical 
and temperature regime of rocks a t  depth. Pr inciples  and l imi ta t ions  Of 
individual techniques define the uncertainty associated w i t h  each. Jo in t -  or  
mu1 ti pl  e-parameters may narrow down uncertai nties 
Heat flow techniques increase in r e l i a b i l i t y  w i t h  the increase i n  spa t ia l  
data d is t r ibu t ion  and depth of holes. Spa t ia l ly  d is t r ibu ted  data permits the 
separation of e f f ec t s  due t o  shallow convective regime from deeper heat 
sources, convective or  conductive. Structural  geol ogy , st rat igraphy and 
hydrogeological data may provide useful cons t ra in ts  t o  heat flow models. 
Electr ical  r e s i s t i v i t y  methods can determine the gross three-dimensional 
d i s t r ibu t ion  of the conductivity of the rock volume. That conductivity value 
can be affected by, or be the composite e f f e c t  of temperature, porosity,  
sa tura t ion ,  presence of metal l ic  minerals, s a l i n i t y  of the sa tura t ing  f l u i d  
and geometrical e f f e c t s .  
Seismic techniques permit the 3-D determination of compressional and shear 
wave ve loc i t i e s ,  t h e i r  r a t i o  and their d is t inc t  attenuation rates .  Compres- 
sional wave velocity is  affected by the rock mineralogy, porosity, pore f l u i d ,  
compressive modul es, and temperature. Shear wave veloci ty  i s affected by the 
same parameters as  compressional waves, b u t  i n  a different way than compres- 
sional waves. Hence, changes i n  the r a t i o  of P/S wave veloci ty  ( o r  Poisson's 
Ratio) can serve as  important indicators  of changes i n  rock temperature, pore 
f l u i d  s t a t e  and degree of sa tura t ion ,  and pore geometry. 
Gravity and magnetics provide valuable s t ruc tura l  and generalized s t r a t i -  
graphic d is t r ibu t ion  of rock masses t h a t  a re  important i n  the determination o f  
gross geometrical character of the geological regime a t  a spec i f ic  site. The 
d ra s t i c  change i n  density a t  the melting p o i n t  provides ways of determining 
the approximate geometry of the molten rock mass, and t h u s  provides a t  l e a s t  
one temperature-depth plane information. The Curie po in t ,  a t  which rocks lo se  
their magnetism due t o  temperature (about 578OC1, permits the mapping of 
another temperature plane. Neither the gravity method nor the i so-Curi e 
technique can guarantee unique in te rpre ta t ions .  However, the gravity method 
86 
is less subject t o  the ambiguities t h a t  shroud magnetics, inasmuch a s  magnetic 
susceptibil i ty effects, remanent magnetization effects, hydrothermal oxidation 
of magnetics can a l l  d r a s t i c a l l y  a f f e c t  t h e  magnetic f ie ld  i n  a way t h a t  may 
not be e a s i l y  d is t inguishable  from the Curie effect. 
Regional geological studies provide in i t ia l  conceptual model s on the 
n a t u r e  and d i s t r i b u t i o n  of  v a r i o u s  rock types. T h e  r easonab leness  of 
assumpt ions  r e g a r d i n g  the occurrence of a su i tab le  h e a t  s o u r c e ,  rock 
environment of the desired permeabil i t y  c h a r a c t e r i s t i c s  may be adjusted based 
upon such prel i m i  nary studies, especi a1 l y  when supported by age dat ing , 
mapping and ana lys i s  of the geochemistry of water and gases of local  springs. 
Success of the technology of geothermal (hydrothermal o r  Hot Dry Rock) 
resides i n  the synergism of multi-technique approach t o  the de f in i t i on  of 
in-site geothermal and petrophysical propert ies .  The nonunique re la t ionships  
between any one geophysical technique and the desired temperature o r  petro- 
physical s t a t e  of the rock would foredoom any attempt i n  prognostication. 
Inchoa te  success i n  reducing  t empera tu re ,  p o r o s i t y  and o t h e r  desired 
information may come about through j o i n t -  or mu1 ti-parameter i n t e rp re t a t ion  of 
different physical rock propert ies .  These include j o i n t  gravi ty  and magnetic 
data ,  e l e c t r i c a l  resistivity and seismic data,  compressional and shear wave 
ve loc i ty  da ta ,  seismic wave at tenuat ion,  a s  related t o  shear and compressional 
wave ve loc i ty  data ,  and o ther  data  set permutations. Even when data  sets a r e  
l imited for a given a rea ,  the s t r a t ig raph ic  changes i n  one s ing le  var iab le  may 
provide an important i n s igh t  t o  s ign i f i can t  changes i n  the pore volume 
charac te r  (or  some other character) .  T h i s  was the case  f o r  the " b r i g h t  spot" 
technique i n  seismic re f l ec t ion  or o i l ,  where the s l i g h t  change i n  acous t ic  
impedance due t o  sa tu ra t ion  w i t h  o i l  or gas, a s  d i s t i nc t  from water, made i t  
possible  t o  detect the petroleum deposi t  d i r e c t l y ,  i n  some cases. 
An underutilized body of data ,  often already i n  the fi les of the explora- 
t i on  company, may include the following: 
(1 In te rva l  v e l o c i t i e s  and their areal  d i s t r ibu t ion .  These a r e  cal  cul ab1 e i n 
every case where coherent r e f l e c t o r s  occur and sufficiently 1 arge cable  
spreads have been employed i n  taking the da ta .  
(2)  Poisson's Ratio areal d is t r ibu t ion , .  
(3 )  Changes i n  Poisson's Ratio and a t tenuat ion  a s  related t o  porosi ty  and pore 
f l u i d  Characteristics i 
( 4 )  R e i n t e r p r e t a t i o n  o f  e l e c t r i c a l  r e s i s t i v i t y  d a t a ,  by us ing  seismic 
s t ra t igraphy t o  provide modeling c o n s t r a i n t s .  
( 5 )  I so l a t ion  of preferred f r ac tu re  pa t te rns  i n  rocks from data  on e l e c t r i c a l  
and seismic wave an iso t ropies  
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Joint mu1 ti-technique interpretations, associated w i t h  a more quantitative 
assessment of the causes of relative magnitude changes i n  each of the param- 
e t e r s  offer the promise of a greater success rate i n  predicting the petro- 
thermal or hydrothermal state of the rocks. A few examples t o  demonstrate 
this statement, culled from various case h i s to r i e s ,  w i l l  be shown t o  
demonstrate the proposed concepts. 
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